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INTROPUCT _ I 



A I its worst, a composites shop is a 
brutally nasty place, where millions 
of glass particles hang glittering in 
an atmosphere filled with the howl of chop- 
per guns and the stench of styrene. There, 
under-supervised workers stumble around 
red-eyed, tripping over hardened resin spills, 
reeling from the fumes, cranking out heavy, 
clumsy, third-rate goods, for a third-world 
wage. Thankfully, there are fewer such hell- 
holes these days, Some, not surprisingly, 
have been shut down by Federal or local 
agencies. Bui you can still find them. 

At the other extreme is a modem aerospace 
composites facility. The air is clean, with just 
the barest hint of an odor, as if the floor had 
been recently waxed. Lab-coated workers 
move calmly and methodically through this 
almost antiseptic space, where the only 
sounds that rise above subdued conversation 
are the noise — like a zipper being opened — 
of a knife slicing through pre-preg. and the 
occasional hair-drier hum of a heat gun. No 
slopping, slinking liquid resin; no sparkling 
clouds of particles. Alt this and union wages 
to boot! 

Ironically, for someone just getting into 
composites work, either as a hobby or in 
working to establish a small businc.ss. one of 
the appeals of this class of materials is the 
possibility of getting into operation with 
negligible investment in facilities and equip- 
ment. Working with a primitive plant, 
though, limits you to the least demanding 
materials — polyester resin and glass rein- 
forcement. That, in turn, means that the fin- 
ished goods will necessarily be heavier than 
a metal part of comparable strength and stiff- 
ness. It also means working conditions clos- 
er to the first example. 

However, if you endure the grimmer 
aspects of this most basic combination of 
materials for a while, you can develop suffi- 
cient skill (and sufficient business) to justify 
moving to premium materials — typically 



epoxy resin and a high-peifonnance rein- 
forcement tike aramid When you reach that 
point, two things happen. First, working con- 
ditions become notably more pleasant; .sec- 
ond. you are now in a position to make com- 
posite gwxls that can match or surpass metal 
ones on the basis of strength and weight, and 
that opens up a whole new world of applica- 
tions. especially in the pcrfomiancc automo- 
tive field. While an amateur or small shop 
operator cannot hope to prtxluce, say, a 
monocrx]ue tub or composilc wing that will 
outperform those of an Indy or Formula I 
car, it is possible to produce something 
which will outperform u metal part, and at 
potentially lower cost, especially if only a 
few are being made. 

It is perhaps a bit like being a fighter pilot 
in wartime — if you survive the first 
few combat missions, you will leant 
some lessons they can’t teach in flight 
school, so your chances of staying 
healthy improve dramatically. At the same 
time, you start to score victories. 
Unfonunately. there is no substitute for 
being shot at — you need the experience 
in order to learn the lessons. 

Similarly, while later pacts of this book are 
spent in describing "state-of-the-an" 
processes, we begin with the basics, in the 
belief that this is where you should start. The 
book is a mix of theory and how-to. The the- 
oretical parts will help you decide what types 
of goods are appropriate for composite con- 
struction. and how to design them; the how- 
to sections are sufficiently detailed that even 
a novice should be able to successfully fab- 
ricate lho.se goods. Once you experience the 
magical reward of popping out of a mold a 
shiny new pan that you made yourself, 
you’ll soon want a repeat dose of the ru.sh of 
satisfaction and pride. And you can get that 
payoff without threatening your health; with 
practice and improved processes, the work 
can be positively pleasant, Here’s how. ■ 
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I n general terms, a composite is a materi- 
al made up from two or more other sub- 
stances which give properties, in combi- 
nation. that are not available from any of the 
ingredients alone. By this definition, con- 
crete, laminated safety glass, and enameled 
bathtubs arc all composites. In the automo- 
tive and aerospace fields, though, the lerni 
usually refers to a combination of strong 
fibers of some sort, encapsulated in a pkstic 
resin. 

FRP*s 

Until recently, this sub-category of com- 
posites was called fiber reinforced plastic — 
FRP for short — with various sub-sub-cate- 
gories according to the particular kind of 
fiber employed, such as carbon fiber rein- 



forced plastic (CFRP). aramid fiber rein- 
forced plastic (AFRP), and glass fiber rein- 
forced plastic (GFRP). In common usage. 
GFRP is also known as fiberglass, which 
can be a bit confusing, because fibers by 
themselves, whether glass fibers or any 
other kind, are only one half of the story; the 
resin is the other half. Don't make the mis- 
take of thinking that fiberglass (that is. 
GFRP) is one thing and composites are 
another — fiberglass, in this sense, is a com- 
posite material. (The term "Fibciglas,” with 
just one "s." is Owens-Coming Fibcrglas. a 
registered trademark for the glass fibers 
themselves.) There are a couple of likely 
reasons for the term composite tending to 
replace the icmi FRP. First, fiberglass had 
been around for several years before fibers 
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THE WHAT AND WHY OF COMPOSITES 





Cam aiders anct akr ptenuiTM are tMtti comlructed of PRP'a. Tlwee are units from a race car built by James Watson. Photo courtesy Oouceon 
Brothers, Inc. 



were developed that were stronger and 
stiffer than glass fibers, and so could be 
worked — together with a plastic resin — into 
composilc,s that were also stronger and 
stilTcr than those made with gloss. To distin- 
guish them from GFRPs and to suggest 
their superiority, composites made using 
these new fibeni were called advanced FRP 
composites, which soon got shortened to 
just cmnposites. The other reason may have 
to do with the idea implied by the second 
half of the expressions "reinforced plastic" 
suggests that it is the plastic that is doing the 



job. and that the ftbers just help a bit by rein- 
forcing it. 

If there is only a small amount of fiber 
rcinforeemeni, then the properties of the end 
product — the combination of plu.slic and 
fiber—witl be closer to those of the plastic 
than to those of the fiber. On the other hand, 
if there is a lot of fiber and only a little plas- 
tic. the resulting combination will vastly 
outstrip the strength and siilTness of the plas- 
tic resin by itself. Though there is no hard 
dividing line, at some point the concept 
shifts from a piece of plastic whose strength 
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THE WHAT AND WHY OF COMPOSITES 




Another use for FflP"i: Water storage tanka. Photo courteiy Eacom Aifvertlskng Groufi, tno. 



and slilTness are improved somewhat by ihe 
inclusion of some strong fibers, to a materi- 
al in which the mechanical properties begin 
to approach those of the fibers, and where 
the p]a.stic exists simply to hold the fibers in 
place — the reinforcement provides the 
strength: the plastic provides the shape: we 
might better call these plastic matrix stabi- 
iized fibers, f Matrix means, approximately, 
“surrcHinding"; the lump of rock surround- 
ing a gemstone in nature is called the 
matrix.} 

In truth, this last statement is somewhere 
between a gross oversimplification and 
plum wrong; we deal at some length with 



the structural pmperties of these materials in 
later chapters. For now we w'ani to talk in 
general about their usefulness, and how they 
fundamentally differ from more familiar 
materials. 

COMPOSITE CONSTRUCTION 

We are accustomed to buying materials 
cither as sheets (a sheet of aluminum, a 4x8 
sheet of plywood), or as long stock (a length 
of one inch steel lube, an eight-foot 2x4), 
then turning them into some useful end 
product by cutting and other shaping 
operations, and by joining individual parts 
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together by nailing, gluing, welding, etc. In 
the ease of fonnable metals, we can also 
bend and stretch the raw material into new 
shapes. When we're done, we can improve 
the appearance of the final product, and give 
it protection against weathering, by covering 
the out.side with some son of finish coating, 
like paint or electroplating. 

Cfjfftpoj/fe.t—FRPs, if you like— are quite 
unlike that. The raw materials comprise a 
thick, sticky liquid plus (usually) a roll of 
some lloppy fabric. To make a useful prod- 
uct from these shapeless materials, the fab- 
ric is soaked in the resin, Chen set into a mold 
that defines the final contours. As just staled, 
all we've got is a mold full of gooey cloth, 
but if a certain second liquid is mixed into 
the plastic resin before using it to saturate 
the cloth, in the course of a few minutes or 
hours, the plastic magically transforms from 
a liquid to a solid. In this way we can pro- 
duce any shape we have a mold for. with no 
nailing, no gluing, no welding and. except 
for a tittle trimming around the edges, no 
cutting. 



Laminate 

And if we want something thicker, all we 
have to do is add another layer of the same 
materials. In fact, the nature of the process 
allows us to vary the thickness from one 
area of the part to another, if we choose, by 
adding an extra layer (or several) in high 
stress areas. This process of building up a 
part by applying one layer of reinforcement 
and resin over another is called kiminating: 
the end product is called u lamimtie. 
(Actually, even if then: is only one layer, it is 
still called a laminate.) Because the resin 
perfectly captures all the surface detail of the 
mold, the surface of the finished product (at 
lea.st the surface that wa,s in contact with the 
mold) will be snuxrth and shiny, assuming 
the mold was also smooth. Depending on 
the particular kind of plastic resin we used, 
this finish surface may also be self-colored 
and completely weatherproof, so no painting 
or plating is ret)uircd; FRP goods do not rust 
or rot. 

Using this process as described, we can 
make planters, furniture, boats, automobile 
bodywork, shower stalls, machinery enclo- 
sures. even airplane parts. In fact we cun 
make anything that consists of a shaped thin 
shell, from palm-sized to hundred-fool-plus 
sailboats, more or less all in one piece, more 
or less all in one operation, with only the 
simplest kind.s of toots and equipment, using 
comparatively low-skilled labor. Little won- 
der, then, the explosive growth in the use of 
fiberglass, starting from the end of World 
War II, when the resins were first developed. 

Flbarglass Drawbacks 

For all of the.se atiraction.s, fiberglass has 
some drawbacks. Although it is fairly 
strong, it is only barely competitive with 
metals on that score — at least, that is the 
case when using the most popular variety of 
plastic resin and the most common arrange- 
ment of the glass fibers. Perhaps worse, con- 
ventional fiberglass compares poorly to met- 
als in its stiffness — ^it i.s easy to bend, and so 
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springs un>und a lot in use unless it is made 
heavier than a comparable metal pan. 
Neither of these considerations matters 
much for planters, or sho^^'cr stalls, or fumi- 
tune. where the other attractions of fiberglass 
are overwhelming. But for FRP's to compete 
with metals in mobile applications like auto- 
mobiles and aircraft, where weight is impor- 
tant, combinations of fibers and resins are 
needed that offer equal or better strength and 
stilTness than metals, in comparison with 
their weight. 

Modern Materials 

That breakthrough occurred about twenty- 
five years ago, and since then we have seen 
a revolution in the way aircraft and race cars 
are made. Almost as dramatic are changes in 
the construction of weight-critical sporting 
giKxIs, like tennis rackets and skis. Now. a 
small shop operator or amateur hobbyist 
cannot hope to make a composite cha-ssis 
tub for an Indycar that could compete with 
last year's winner, or part of the wing of a 
pa.ssenger aircraft that would pass muster 
with the FA A. just by substituting advanced 
modern fibers and resins for traditional 



fiberglas.s materials, used in the way 
described above. To make siate-of-ihc-art 
FRP composites, you need some fairly 
sophisticated racilitic.s — the large autoclaves 
(think pressure cooker) used for heat-curing 
some of the modem resin systems are par- 
ticularly pricey items. We discu.ss some of 
this in Chapter 8, Nevertheless, using little 
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more equipment than it lakes to make a 
shower stall in traditional fibersiass. but 
substituting these advanced materials, it is 
possible to produce something which will 
match or beat the performance of a ntetal 
structure, at potentially lower cost! And 
there's still no welding, no machining, and 
certainly no nailing! (Even though these 
modem materials can be pricey, very little of 
them i.s used, and the capital investment in 
equipment is really very modest, compared 
with metal working). 

There are at least half a dozen distinctly 
different kinds of fibers used to make FRP 
goods, and an equal number of bu.sic types 
of plastic resin. Several of these, however, 
are so specialized and require such complex 
and expensive facilities for their fabrication 
that they lie far out of the mainstream. 
Outside of military contractors and research 
labs, the vast majority of FRP composite 
work (cenainty more than 90%. probably 
more like 99%) employs one of three basic 
kinds of resin and one of three basic fiber 
types; we talk about each of these, and a 
couple of others, in the next two chapters. 

In pnictice, the number of possible combi* 
nations is reduced even funher, since two of 
the three fiber types are not compatible with 
one of the resins; that leaves six or possibly 



seven material combinations. Nevertheless, 
it is not sufficient to simply identify that 
small handful of mixtures of materials and 
enumerate their properties: certain other fac- 
tors can have as large an effect on the phys- 
ical nature of the finished composite a.s the 
initial selection of material types. Tlie pro- 
portion of fibers to resin is one of the more 
important of those factors; the geometric 
arrangement of ihc fibers is another — do 
they all lie in parallel lines, or are they 
woven into a cloth that ha.s two principal 
axes? Or are they Just randomly scattered 
about? 

We discuss these issues in later chapters. 
The point we want to make here is that the 
various kinds of composite material differ 
enormously in properties, according to the 
particular combination of fiber and resin 
employed, and the way the fibers are 
arranged; to say "composite" without further 
explanation is like saying "metal" without 
specifying what kind of metal. 

HOW TWO BRinLE MATERI- 
ALS MAKE ONE TOUGH ONE 

When cured hard, the resins used in FRP 
construction form a solid chunk of plastic 
that, by ilsclf, is quite weak and brilllc. Most 
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of the fibers used are also made from brittle 
materials — glass, for instance. How can one 
brittle material combine with another to pro- 
duce a lough, reliable composite? 

We w'ill use glass as an example here 
because it is not only the most common rein- 
forcing fiber material, it is also a notorious- 
ly brittle one. And, yes, it is real gla.ss. chem- 
ically very similar to window glass, which 
w'e think of a.s not merely brittle, but also 
weak. In fact. glas.s is an enormously strong 
material, as long as it has a flawless surface. 
Even the best quality plate window glass, 
however, develops microscopic surface 
scratches and other invisible flaws starting 
from the moment it is made, just in the 
course of ordinary handling. 

These flaws spell death W'hen the glass is 
exposed to any significam load, because 



they form the starting point for cracks thaL 
given half a chance, will spread through the 
bulk of the glass at, literally, the speed of 
sound. (Why some materials, like metals, 
can tolerate surface flaws, while others, like 
glass, cannot, is a subject that lies outside 
the scope of this book. Interested readeni 
may wish to consult some of the references 
listed in the bibliography.) 

When the glass is drawn out into very fine 
filaments, though, cracks become a much 
less significaRi problem for two reasons, 
First, the very fineness of the fiber means 
that, if contacted, it will just bend out of the 
way, rather than resist and get scraped as a 
result. Second, there is a minimum size of 
crock which glass will tolerate without its 
very high natural strength being affected. 
Although that minimum crack size is very 
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small, it is generally larger than the diameter 
of a single fiber, so the mere fact that the 
fiber exists in one piece means it probably 
does not contain any Haws above the critical 
size. Of course, if the surface of the fiber 
does become damaged, it is doomed, One 
job of the plastic matrix, then, is to shield the 
fibers from scratches. (It also protects the 
fibers from moisture, UV light, and other 
harmful factors in the environment.) 

The matrix is also brittle as a bulk materi- 
al; it. too, is unable to stop a crack fram 
spreading right through it. But when we 



incotponiie some brittle fibers into the brit- 
tle resin, paradoxically we get a tough mate- 
rial. Here’s why. Imagine, first, a surface 
crack in the resin. As it tries to advance 
deeper into the material, it soon encounters a 
fiber lying across its path. To make progress, 
the crack has to cither break the fiber, too, or 
else detour around it. The fiber is very long, 
however, compared to the radius at the tip 
of the crack, so any attempt by the crack 
to skirt around the fiber means it has to 
grow much larger in radius. It is, in 
effect, blunted, in the same way as a hole 
drilled at the end of a crack will serxe 
as a stop. 

How about busting right through? 
Remember that the crack is in the resin; the 
fiber is intact. To break the fiber, the crack 
has to stress the fiber lengthw'ise. which it 
can only do via the .surface connection 
between the two. This fibcr-to-rcsin bond is 
much less strong than the fiber itself, so the 
bond breaks, leaving a gap between resin 
and fiber that likewise blunts the crack. 

What is vitally important here is the 
strength of the bond between fiber and resin. 
Ii has to be weak enough to allow this crack- 
stopping mechanism to work, yet strong 
enough to carry the load from one fiber to 
another (see Ht/iv FRP Composites Carry- 
Loads, in Chapter 14). if we arc to realize a 
useful fraction of the inherent strength of the 
fibers. 

(Incidentally, the basic idea behind all ihi.s 
is by no means new; it dales back at least to 
the ancient Egyptian.s, who added straw to 
their day bricks to reduce their brittleness. 
The biblical admonition to "make bricks 
without straw" was intended as a punish- 
ment — without the straw fibers to prevent 
them from splitting, the sun-dried clay 
bricks were uselessly weak and crumbly.) ■ 
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F ibers of a great many different materi- 
als — including jute, flax, asbestos, 
and fine metal wires — were used in 
the past to reinforee a plastic matrix; now, 
carbon, aramid. polyethylene and boron 
fibers grab the headlines. Yet by far the most 
common reinforcing fiber used in FRP com- 
posites over the past fifty years has been 
(and remains) E-gluss — the same glass as 
used for electrical insulation. 

TYPES OF FIBERS 
E-Glass 

There are many reasons for this predomi- 
nance. Unlike organic fibers, gla.ss is not 
.subject to rot or other decay; unlike 



asbestos, it is not an inherent health hazard; 
unlike metal wires, it attaches strongly to 
many resin matrices. Glass fibers are also 
very low in cost and extremely strong. 

The fibers are manufactured by first melt- 
ing gla.ss marbles in an electric furnace, then 
forcing the molten glass through hundreds 
of tiny holes in the base of the furnace. 
These fine, still fluid threads are further 
reduced in dianicter by the tension applied 
to them as they are wound onto a storage 
reel. The result is a strand of filaments, each 
from 1/10,000 to 5/IO,(XX) of an inch in 
diameter. 

Streagth — Virgin strands of E-glass are 
two to three limes as strong as alloy steel. 
Subsequent operations of twisting them into 
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FIBERS A FIBER FORMS 
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reduces their strength; this plus the fact that 
c«fnii^ a Iai]ge fraction of any composite is the plas- 

tic resin matrix, which contributes little to 
strength, means that a finished laminate will 
exhibit no more than a quarter of the tensile 
strength of a single filament. Nevertheless, 
properly fabricated E-gtass laminates com- 
pare very favorably to metals both in terms 
of raw strength and in the ratio of strength 
to W'eight. 

Drawbacks — In another important 
respect, though. E-glass fibers are inferior to 
metals — they are less stiff. Although they 
will withstand a very large force before 
breaking, they deform considerably under 
toad. (This subject is discussed more fully in 
Chapter 13.) On this basis, a laminate based 



on woven E-glass fabric is, at best, about 
one quarter as stiff as a part of comparable 
size made from aluminum, and barely one 
tenth as stiff as a steel part of the same 
dimensions. When the comparatively light 
weight of the glass laminate Ls taken into 
account, the picture improves somewhat; 
about forty percent of the stiffness-to-weight 
of a metal part can be achieved. While there 
are ways to address this shortcoming (as dis- 
cussed in Chapter 13). considerable effon 
ha.s been spent over the past few decades to 
develop fibers having greater stiffness than 
E-glass, as well as greater strength. 

S"2 Glass^*^ 

To meet the demands of high performance 
acix)spacc and military applications during 
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the cold-war era, a chemically dilTeFent form 
of glass was developed that was as much as 
one third stronger and more than 20% stifTer 
than conventional E-glass. Because this 
material, called ”S-glass" (a trademark of 
Owens-Coming Fibciglas), was designed 
for the aerospace community, it was pro- 
duced in small quantities and iLs cost reflect- 
ed this fact, plus the lengthy and expensive 
certification process required for such 
applications. 

The same material is now marketed for 
commercial use under the name S-2 glass 
fiber, without the accompanying paperu'oric 
that helps make aerospace stuff so costly; it 
remains, nevenheless, several times the 
price of E-glass. S-2 glass fiber is used 
commercially in filament wound pressure 
vessels, such as for the self-contained air 
supply used by firefighters. In its certified 
form, it i.s seen in such specialized aviation 
applications as helicopter rotor blades and 
the floor panels of some commercial air- 
craft. 



Carbon Fiber (CF) 

While S-2 glass fiber represented an 
advatice over E-glass, it was by no ineafis 
the final answer, and the search for even 
stifier and sifonger fibers continued. One 
result of this research eftbn — carbon fiber — 
became available in small quantities in the 
I96fl’s. An early application was as localized 
reinforcement in race car bodywork. 
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**Carbon 
fiber is now 
the principal 
material used 
in the con- 
struction of 
the chassis 
tubs of all 
Formula One 
and Indy 
race cars. ” 




Different methods of producing carbon 
fiber have been developed, and there is 
much ar^umeni about their relative merits. 
Depending on the processing variables, the 
fibers can have their properties tailored 
toward greater strength, while giving up 
some stiffness, or toward greater stiffness, at 
the expense of strength. These variants are 
sometimes termed HS (high strength) and 
HM (high modulus) carbon, respectively 
but, in fact, the trade-off point in this 
exchange of properties con be struck any- 
where. so this nomenclature may be mis- 
leading. There is even disagreement about 
what to call the stuff — some makers insist 
on the term "graphite”; others call it carbon. 
Whether it is made by high temperature pro- 
cessing of a fine filament of polyacrilonitrile 
(PAN), or by a less expensive method that 
uses coal lar as the starting point, the result- 
ing product is more than twice as strong as 
ultra-high-strength alloy steel and. more 
important, three times .stiffer. 

strength — Even when the fiber properties 
are diluted by the presence of the weak pta.s- 
tic matrix, carbon fiber incorporated into a 
structural laminate resulLs in a product with 
superior strength to alloy steel, and only 
slightly inferior stiffness, when the compar- 
ison is done on the basis of volume. When 
weight is taken into account (finished lami- 
nates weigh about the same as magnesium), 
laminates based on carbon surpass all met- 
als. and most other fiber reinforced plastics. 




Brittleness — Despite concerns about the 
brittleness of carbon fiber (again, sec 
Chapter 13), large sections of the rudder of 
the DC- 10 aircraft were built in the I970's 
using carbon fiber reinforced plastic (CFRP) 
composites. After many years of trouble- 
free experience in that and many other air- 
craft applications, the use of CF is now 
expanding rapidly. A substantial fraction of 
the Aerospatiale Airbus and of the Boeing 
767 now involves CFRP. In the race car 
world, small amounts of CF were used ils 
early as 1968, to provide local stiffening in 
the glas.s fiber body panels on the Ford 
GT40 that won the 24-hour race at LeMans 
that year. Carbon fiber is now the principal 
material used in the construction of the chas- 
sis tubs of all Formula One and Indy race 
cars. 

Aramid (Kevlar^ Fiber 

The generic name for this stuff is aramid. 
but since DuPont is the only outfit making it. 
everybody calls it "Kevlar" — DuPont's reg- 
istered trademark for aramid. Kevlar liber 
W0.S introduced in die early 197U'.s, and its 
first major application was for ropes and 
other cordage, including tire cord; ballistic 
body annor (such as bulletproof vests and 
jackets) soon followed. 

Variations — Like carbon fiber, aramid can 
have its properties adapted during manufac- 
ture to favor either stiffness or strength. The 
original tire cord ("stronger than steel," as 
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daimed. though not spectacularly stifT) was 
Kevlar 29; (he latest body armor uses an 
evcTi higher strength version called Kevlar 
129. A high modulus (high stiffne.ss) ver- 
sion, Kevlar 49, is widely used for high per- 
formance composites; Kevlar 149 is a com- 
paratively rare variation with even greater 
stiffness than Kevlar 49, but conresponding- 
ly less strength. 

Features — Sotne versions of Kevlar are 
even stronger in tension than some kinds of 
carbon fiber, though they are less stiff. The 
compression strength of a Kevlar laminate, 
however. i.s limited by the apparent inability 
of any resin matrix to wet the fine fibrils that 
make up the fiber bundle: the outside of the 
bundle gets surrounded by the resin and 
attached to it, but individual fibrils do not. 
As a result, when a laminate using Kevlar 
reinforcement is loaded tn compression (i.e. 
pushed on rather than pulled), the individual 
fibrils buckle and split away from the bundle 
when the stress exceeds about one fifth of 
what it would take in tension. Thus, the 
propenies of the laminate become dominat- 
ed by the characteristics of the resin matrix, 
and a Kevlar laminate's strength in compres- 
sion is limited to relatively low values. 

On the other hand, the gradual buckling of 
the fibers acting under the restraint of the 
matrix means that an aramid laminate does 
not fail in a brittle manner like those made 
from other structural fibers, but "yields," 
much like metals (see Chapter 13). In the 
process of failing in this way, a substantial 
amount of eneigy gets absorbed, w'hich 
makes it attractive to manufacturers of air- 
craft and race cars. This property together 
with its alt 'round toughness (which is why 
Kevlar is very difficult to cut cleanly) also 
makes it very popular for lightweight canoes 
and kayaks. 

Kevlar can be used by itself or in combi- 
nation with other fibers, either as one or 
more .separate plies, or woven together with 
other fibers into a hybrid fabric. Combined 
in these ways with CF, it is widely applied in 




race car construction as a hedge against the 
brittleness of carbon. Indeed, much of the 
credit granted by TV race announcers to "the 
incredible strength of carbon fiber chassis" 
following a race car accident should, in fact, 
be attributed to the aramid that is almost 
always visible flapping around the crumpled 
parts of (he car. You won’t .sec much crum- 
pled cartxrn fiber in such cases — ^it just 
explodes into dust when it is grossly over- 
loaded in this way. 

Another significant feature of Kevlar is its 
light weight. An aramid-based laminate will 
typically wind up about twenty percent 
lighter than a part of the same thickness 
made using glass or. for that matter, carbon. 
Used as a direct substitute for glass rein- 
forcement in lightly sire.ssed body panels, 
Kevlar cloth yields a part that is about one 
fifth lighter yet stronger than the panel it 
replaces. A minor drawback of Kevlar not 
shared with glass or carbon is that it deterio- 
rates slowly when exposed to ultraviolet 
light, .so some son of paint or other covering 
is needed to exclude UV from a Kevlar lam- 
inate. This hardly matters in practice 
because Kevlar is invariably combined with 
epoxy resin, which itself needs protection 
from UV, no matter what the reinforcement. 

Composites made from Kevlar 49 com- 
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“ 0/1 a same 
weight basisy 
a Kevlar 49 
laminate will 
give one half 
to one quar- 
ter the stiff- 
ness of one 
made from 
carbon fiber, 
depending 
on which 
version of 
carbon fiber 
it is com- 
pared with.** 




Yam* of two ot moro different fibers tm be wovtn togothof to form a fabric. Here carbofi fiber fbfack 
stripes) Is hybridized with glass. Guy Levesque ptwto courtesy deHevtiland^ Inc. 



pare unfavorably to carbon fiber composites 
in terms of stilTness* both on a per-volnme 
and a pcr-wcighi basis. On a same weight 
basis, a Kevlar 49 laminate will give one 
half to one quarter the sti(Tne.ss of one made 
from carbon fiber, depending on which ver- 
sion of carbon fiber it is compaied with. On 
the other hand, its strcngth-to-weight ratio 
fall.s between that of HM and HS ciirbon and 
is many times better than that of steel, and it 
is at least xs stiff in compression — ^per unit 
of weight — as high strength aluminum 
alloy. 



Spectra Fiber™ 

This is a trademark name of a thermoplxs- 
tic fiber material produced by Allied Signal. 
Inc. Thermoplastics are versatile materials 
that find widespread application in everyday 
life, largely becau.se of the ease with which 
they can be formed to shape by heating until 
they become fluid, forced into a mold, then 
cooled until they return to a hard solid. 
Some thermoplastics, like nylon for 
instance, are also reasonably strong. 
Unfortunately, as a rule they seriously lack 
stiffness, which virtually excludes them 
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from use in high performance structures 
where stiffness is usually as important as 
strength. 

The reason for this lack of stiffness is that 
the long molecules that make up the materi- 
al are folded or coiled, so forces that tend to 
extend the molecule do not actually work 
directly against the atomic bonds holding 
the molecule together, rather, they simply 
straighten out the kinks, A good way to visu- 
alize this is to think of a typical coiled tele- 
phone cord — it is very springy when tugged 
on. until all the coils are straightened out. 

For polyethylene, at least, ways have 
recently been found to straighten out these 
molecular kinks during manufacture (by 
analogy, the phone cord is pulled straight), 
resulting in dramatically increased stiffness. 
Single strand.s of this material, called 
Spectra fiber, arc comparable to glass in 
strength and to arantid in stiffness. Spectra, 
however, is very lightweight stuff (it floats!), 
and when this is taken into account, both 
strength and stiffness per-unit-weight are 
closer to the values associated with carbon 
fiber. 

A.S with other reinforcing fibers, the num- 
bers drop very substantially when finished 
laminates arc considered, rather than indi- 
vidual fibers or strands. A unidirectional 
Spectra/cpoxy laminate is likely to be a linic 
less strong than one of glass or aramid. and 
about comparable to a glass laminate in stiff- 
ness. Again, however, when its light weight 
is factored in, the same unidirectional lami- 
nate will exhibit a strength-to-wejghi ratio 
slightly superior to one of glass or aramid, 
and a stiffness-to-weight ratio somewhere 
between the two. 

Like Kevlar, but unlike glass and carbon, 
laminates made with Spectra fiber are weak 
in compression, and the effect is even more 
severe than in the ca.se of Kevlar — about 
one tenth of the tensile strength is about all 
(hat can be expected. For this rea.son (and as 
explained in Chapter 13), its bending 
strength is low, too. Also like Kevlar, how- 




ever. a very large amount of energy is Continuou* glau rmlng. 
absortxxl when the material is failed in com- 
pression or buckling, so Spectra might he 
considered as one component in a hybrid 
fabric or laminate to petfomi the same kind 
of fail-safe function that might be achieved 
by aramid in the same application. Other 
drawbacks of Spectra arc its low working 
temperature limit and its tendency to creep 
under load. Although it will tolerate the tem- 
peratures involved in the post-curing of 
epoxies (sec Chapter 8), and recover almost 
all of its properties when again cooled in 
room temperature, if it is subjected to loads 
while hot it w'ill run away from the load. 

There are tw'o versions of Spectra on the 
market at this writing, identified as "Spectra 
900" and "Spectra I (XX)" (trademarks of 
Allied Signal. Inc.), the latter being slightly 
stronger and much stiffer, and is the version 
considered in the above comparisons. 

Unidirectional and woven bi-directional 
Spectra fabrics are available from a few 
weavers. 
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"*In the case 
of S-2 glasSf 
carbon, 
aramid and 
Spectra, heat 
cleaning 
cannot be 
used, as the 
fibers would 
be damaged 
or destroyed 
by the 

extreme tem- 
peratures 
involved. ” 



Hare la a ckwnHjp of woim 
roving. Photo cowrteay DOW 
RAsUcfl. 



FIBER FINISHES 

All the strong fiber materials discussed 
above tend to be rough on looms and other 
processing equipment, simply because they 
are so strong and stiff. Glass i.s particularly 
bad. as it is also highly abrasive and rapidly 
wears any surface it scrubs again.st. The 
fibers, too, tend to be damaged by contact 
with processing equipment, which is one 
reason why laminate properties always fall 
far shon of the strength and stiffness num- 
bers associated with individual strands. To 
minimize both effects, a siz£ is usually 
applied to the surface of the fibers early in 
the manufacturing process. 

In the case of glass, this material is often a 
mixture of oil and starch, which must be 
removed before the fibers are incorporated 
into a laminate, to ensure adhesion between 
the fiber and the resin matrix. The tradition- 
al way this is done is by burning the size oif, 
leaving a heat-cleaned surface. Although 
such heat-cleaned glass can be made into an 
apparently satisfactory laminate, the bonds 
betw’een the fibers and the plastic gradually 
deteriorate, so the laminate steadily 
becomes weaker. To overcome this problem, 
a coupling agent or finish is applied to the 



surface of the fibers immediately after heat 
cleaning. This ensures a more or less perma- 
nent set of properties for the finished iaml- 
naic. Various coupling agents arc used, each 
intended for use with one type of resin sys- 
tem. but "Volan A" is one common finish for 
glass which gives good results with poly- 
ester, vinylester and epoxy resins. 

Caittions — ^There are many other finishes 
for gla.ss doth, and sortie of these are delib- 
erately designed to prevent adhesion 
between fiber and resin— some peel-ply fab- 
rics (see Chapter 7), for example, use exact- 
ly the same woven £-gla.ss that makes 
strong laminates, but with a different surface 
finish. Also, dirt and moisture can degrade 
the finish. You must determine that the 
maicriai you buy has a surface finish appro- 
priate to the task at hand; materials should 
be bought from a reliable supplier that deals 
with the composites indu.stry. not from sur- 
plus stores or dry-giKxis suppliers; fabrics 
should be kept stored in a dry cool place, 
wrapped to prevent contamination with dust, 
and used within a year or two, as the finish 
may deteriorate over lime if left exposed to 

the atmosphere. 

In the case of S-2 gla.ss. carbon, aramid 
and Spectra, heat cleaning cannot be u.sed. 
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A fflw of the wkte variety of ipaat fiber fabrics and tafies available. Photo coyrtesy Gougeon Brothers, Inc. 



as the fibers would be damaged or destroyed 
by the extreme temperatures involved. 
Kevlar i.s cleaned by wa.shing, producing a 
scouted fabric; no subsequent surface finish 
is applied. In the case of carbon and S-2 
glas.s. the fibers are given a very thin surface 
coating of epoxy resin immediately after 
manufacture, which helps lubricate the pas- 
sage of the fibers through subsequent pro- 
cessing operations and serves a.s the cou- 
pling agent in the laminating process. 

WOVEN ROVING & FABRICS 

In a later chapter we discuss some produc- 
tion processes, such as pttlirnsion and fila- 
ment winding, which use individual fibers or 
strands as their starting point, and transform 
them directly into a useful product. Apan 
from the.se few situation.s, and the manufac- 
ture of ropes and other cordage, making use 
of continuous lengths of strong fibers 



requites that these onc-dimen.sional goods 
be rearranged into a tw'o-dimensional mate- 
rial; this is commonly achieved by weaving 
or knitting them into a fabric. While there 
are comparatively few' primary manufactur- 
ers of the kind of strong fibers we are dis- 
cussing, there are hundreds of independent 
weavers who work these fibers into a huge 
variety of woven sheet goods. 

If bundles of untwisted strands, called mr- 
ing, are woven together, the result is 
nn'ing — a heavy, coarse product that allows 
thick lamination.s to be laid up quickly. 
Woven roving is used mainly in compara- 
tively large scale articles like boats and 
highway transport trailers. Because of iLs 
thickness, woven roving is more difficult to 
wet out than thinner fabrics, and it does not 
readily confonn to rapid changes in curva- 
ture^When a more drapcablc material is 
needed, smaller strands ore twisted together 
into yams before being woven into a fabric. 



If bundles 
of itiitivisted 
strands^ 
called roV‘ 
ing^ are 
woven 

togetherj the 
result is 
woven rov- 
ing — a 
heavy, 

coarse prod- 
uct that 
allows thick 
laminations 
to be laid up 
quickly, ’’ 
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woMfl ravine Is used mainty In < Basically, il is the twisting of the strands 

laige scale art!- yams that distinguishes a fabric from 
das ttlw tmats and hleliway ^ 

transport trailers. Photo bjf woven roving,) 

Michael Lutiy. Fahiics — ^There is a whole galaxy of dif- 

ferent fabrics, varying in properties accord- 
ing to the number of filomenls in each 
strand, how many twisLs per inch the strands 
arc given, how much space is allowed 
between consecutive rows of yam, the pat- 
tern of the weave, and a number of other (ac- 
tors. Some fabrics have most of the fibers 
running one way. with just a light cross 



weave at wide interxals to hold the whole 
thing together. This yields a "unidirectionar 
fabric having all its strength in one direction, 
Others have an equal number of yams run- 
ning in both the lengthwise direction (culled 
the warp), and the crosswise direction (the 
fill), producing a balanced, hi-directional 
fabric with equal strength propenics in both 
the lengthwise and crosswise directions. (At 
angles between 0 and 90 degrees, though, 
the strength and stiffness is lower than when 
the load is exactly aligned with either the 
warp or the fill yams.) 

Weaves — For any basic type of weave, the 
strength and stiffness of the finished product 
depends on the volume fraction of ftber. 
Tight weaves give the best strength and stiff- 
ness values, but arc more difl'icull to wet out; 
open weaves are easier to .saturate, but yield 
a laminate which is less strong because of 
the greater proportion of weak plastic in 
reliilion to the amount of strong reinforce- 
ment. 

One problem with woven goods of all 
kinds is the crimping of the yams that occurs 
as they cross over and under each other. 
When loaded in tension the yams try to 
straighten out, creating high local stresses 
where they cross yams running in the oppo- 
site direction. This reduces the strength of 
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woven fabrics considerably, in comparison 
with the same amount of fiber loaded in a 
perfectly straight line. Things arc even 
worse under compression loads— the zigzag 
path of the yam means chat it is much more 
inclined to buckle when pushed on. 

To some extent this problem is a function 
of scale — it is a matter of how far each 
strand or yam is displaced sideways from a 
straight line path, in relation to its basic 
diameter or width. The problems are worst 
for fine weaves, especially in compression; 
coarse weaves do belter. Woven roving, for 
instance, is distinctly stronger in compres- 
sion than fabric, pound for pound. And 
weave patterns that vary from a simple over- 
one-undcr-onc pattern also tend to show 
superior strength and stiflhess than a simple 
s<ftiure weave, as it is temied. 

Satin and Other Weaves 

Crimping of the yams is reduced if each 
warp yam crosses over more than one fill 
yam before crossing under one. Such pat- 
terns are generally termed satin weaves, and 
are further identified by the number of suc- 
cessive fill threads that are skipped over; 
thus there arc "five harness" and seven har- 
ncs.s satins, etc. Because of this more advan- 
tageous geometry, laminates made using 
satin weave fabrics generally show slightly 
.superior strengths than those made from 
square weave materials, especially when 
loaded in compression. Because the yams in 
a satin weave can skew more easily than in 
a square weave, they have superior dra- 
peability — it is easier to get them to conform 
to tight curves, especially ones with com- 
plex changes in radius. Also, satins yield a 
smoother surface finish than a square weave 
of the same weight. Taken together, these 
advantages often justify the slightly higher 
cost of satin weave fabrics. 

Weave Fatierns — Apart from convention- 
al satins, there are also a couple of fairly 
common irregular weave patterns that 
deserve description. A satin weave with an 




HVE HARNESS SATIN WEAVE 
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UrikUr«etkMUl aramld ftrB-pFVg. Clot« pftckifig of flbm often maxlmuni ttrtnglh. Guy 
Levo«quo photo courtesy daflavilland, Inc. 



**Despite the 
drawbacks, 
cloth woven 
from high 
performance 
fibers is 
widely used 
in aerospace, 
race car and 
marine 
applications, 
especially for 
complex 
shapes and 
for parts 
requiring 
strength in 
many direc- 
tions. ” 



over-threc-under-one pultem is called a 
cmwfottt satin, or sometimes just c/vHfoot; 
a twill weave has an over-two-under-one 
sequence that produces a distinctive diago- 
nal paltem on the surface, Then them is a 
variation on a plain square weave in which 
both warp and fill are made up of pairs of 
yams that parallel each other through the 
repeating pattern of the weave; this is know’n 
as a basket weave, 

Compared to forms of reinforcement con- 
sisting of randomly oriented fibers, like mat 
(see below) and those produced with a chop- 
per gun (see Chapter 9), the systematic 
arrangement of strands in woven product,s 
permiLs much closer packing of the fibers, 
with a corresponding improvement in 
mechanical propenics. Nevertheless, the 
inevitable spaces between warp and fill 
means that, of the weight of a finished lam- 
inate made with woven fabric. 40% or mon: 
consisLs of resin. This is far mote than the 
amount needed to cany loads from one fiber 
to another, the additional resin is just extra 
weight going along for the ride. Also, as 
already noted, each strand within the fabric 
is pre-bucklcd as it snakes through the 
weave, so much of the theoretical strength 
of the strong fibers goes unused, especially 
under compression loads. 



Unidirectional (UD) 
Reinforcement 

Despite the drawbacks, cloth woven from 
high performance fibers is widely used in 
aerospace, race car and marine applications, 
especially for complex shapes and for parts 
requiring strength in many directions. When 
the shape of the part and the pattern of loads 
permit it. however, there is a great advantage 
to be gained from the use of unidirectional 
reinforcement. When all the fibers mn in the 
same direction they can be packed very 
closely together, so a fiber volume fraction 
of 75% or more can be achieved with unidi- 
rectional fabrics. (If the width of a roll of 
(his material is greater than twelve inches, it 
is still called fabric, even though there may 
be no fill yam whatsoever; narrower UD 
goods are termed tapes.) The high fiber 
loading allowed by the compact arrange- 
ment of (he yams, together with the absence 
of any of the kinking that characterizes 
woven fabrics, means that unidirectional 
goods yield (he strongest and stiifest lami- 
nates. 

Even when the principal loads in a struc- 
tural part lie in one straight line, such as the 
vertical bending toads that predominate in a 
wing, there are almost always some sec- 
ondary loads acting in other directions. (The 
drag forces on a wing, for example, act hor- 
izontally backwards). Because a purely uni- 
directional laminate cannot deal with these 
off-axis loads, it is common cither to form 
some layers of such laminates with a woven 
fabric (often with its weave oriented at plus 
and minus 45 degrees to the axis of the UD 
material), or else to apply multiple layers of 
UD at an angle to one another, in somewhat 
the same way as plywood is arranged. 

Mot and Veil 

Even though woven glass cloth (in partic- 
ular) is remarkably cheap, on the basis of 
pounds of load carried per dollar, the weav- 
ing process nevcrthcle.ss adds something 
over the cost of the raw material in the form 
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of roving or yam. A cheaper form of rein- 
forcement is mtti, which is a fcIt-Iikc noaler- 
ial consisting of fibers chopped into short 
lengths, and held together with a tesin>solu- 
ble binder. As soon as the mat is saturated 
with resin, the binder dissolves, which 
allow s the fibers to be easily nudged around, 
so mat win confonn to much tighter curves 
than fabrics, especially when the material 
has to be stretched to reach into an inside 
comer or other depression. Woven materials 
simply will not stretch at alt. This makes 
working with mat easy, so it is naturally very 
popular with small shops and hobbyists. 

Strength & Stiffness — The random orien- 
tation of the fibers in mat means that lami- 
nates made from this material have isotrop- 
ic strength and stiffness characteristics — 
meaning they are equal in all directions. 
While it is in many cases advantageous for a 
material to exhibit the same response what- 
ever the direction of the imposed loads, this 
benefit is only obtained, in the case of mat, 
by accepting veiy low levels of overall 
strength. The inferior strength and stiffness 
is partly due to the short fiber length, but 
mostly because the random arrangement of 
the fibers prevents them from being packed 
tightly together, as in woven goods. 

Appearance — Appearance counts, of 
course, so it is common for a product to be 
judged on the basis of both how well it per- 
forms and how good it looks. While a lami- 
nate made using only woven (or unidirec- 
tional) reinforcement is always going to be 
stronger than one made with random rein- 
forcement, such as chopper gun work (see 
Chapter 9) or mat. the slight shrinkage of the 
resin that occurs on curing tends to telegraph 
the weave paitcm through to the visible fin- 
ished surface, impairing its appearance. To 
prevent this print thmugk it is common 
practice to make the first layer immediately 
adjacent to the gel coat (see Chapter 4) out 
of mat, even when most of the laminate is 
made using the stronger woven goods. 

It i.s also usual to u.se a layer of mat 




between consecutive plies of woven roving, 
and occasionally other forms of woven rein- 
forcement. When multiple layers of woven 
goods are laminated together, a resin rich 
zone is created between layers because the 
tiny humps and hallows of the weave do not 
mesh perfectly. A layer of mat helps to bond 
the adjacent layers of woven material, 
reducing the risk of de-lamination — the 
splitting apart of the .separate layers that 
make up the laminate. 

Needled Mat — A variation of mat is avail- 
able which has been needled, producing a 
fuzzy surface with some fibers sucking out 
from the surface at near right angles. 
Because the protruding fibers provide a 
more solid connection between layers, nee- 
dled mat is sometimes preferred for these 
cushion layers. A light spray of chop from a 
chopper gun (see Chapter 9) is also some- 
times u.sed for this same purpose, and some 
combination materials have been introduced 
fairly recently that consist of a layer of 
woven material (usually roving), with a 
layer of mat either lightly stitched or needled 
to its surface, or else simply attached by the 
same resin-soluble binder that holds the mat 
together. 

Mai is produced in a continuous proce.s.s 
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of a fabric 
weave. 
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DOW Plastics. 



by directing chopped iitntnds onto an endless 
wire screen belt (see also pre-fonns, in 
Chapter 9), while strong fans suck air 
through the back side of the screen. As fibers 
accumulate on the surface, the air flow is 
locally blocked, which helps redistribute the 
material toward less obstructed areas, creat- 
ing an even covering. As a result of this 
method of manufacture, there is a practical 
limit to the thickness that can be built up in 
one go. so mat of more than about one ounce 
per square foot is usually made up of two or 
more layers of thinner material, essentially 
just held together by the binder. It is often 
possible and convenient to split these two 
layers apart. Mat of 1 .5 ounces per square 
foot, for instance, con usually be separated 
into two lhicknes.scs each of about 3/4 oz. 

Common square weave boat doth typical- 
ly weighs 6 oz. or 8 oz. per square yard, but 
an enormous variety of styles is available in 
a range that extends from les.s than I oz./sq. 
yd. to more than 40. Both doth and mat are 
sold on rolls of a few standard widths — 38- 



in. and 60-in. widths are the most com- 
mon — but it seems worth mentioning that 
while the weight of doth is expressed in 
ounces per square yard, mat is sold on the 
basis of weight per square foot. Confusing, 
but it is the industry's standard way of doing 
things. 

Surfacing Veil — There is also a product 
that generally resembles extremely thin mat, 
called surfacing veil, which is made by 
swirling one continuous, unchopped strand 
onto the forming screen. Veil i.s sometimes 
used for the same texture-blocking rea.sons 
as mat when there is concern about print- 
through of a fabric weave. Because veil has 
comparatively little fiber per unit of area, it 
produces a layer that is rich in resin and so it 
is also sometimes used as the final layer of a 
laminate, rather than the first, to improve 
both surface appearance and resistance to 
weathering. Veils are av ailable O.OIO-in. or 
0.020-in. thick. Beware: some veils have a 
finish which is not compatible with epoxy 
resins. ■ 
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T he strong fiber muterials we huve dis* 
cussed in the previous chapter arc 
useless by themselves, except per- 
haps for ropes. Likewise, fabrics woven 
from these fibers, while enormously strong, 
huve no inherent shape. To encapsulate the 
fibers and provide the shape, we need a 
inatrix-a solid surrounding of some kind. 
Almost anything that can exist both els a 
- liquid and as a solid can form a matrix for 
strong fibers, and there arc many different 
matrix materials used in modem engineer- 
ing. including concrete, ceramics, and met- 
als. The most versatile and easily worked 
matrix materials, though, are thermoser 
plastic resins. "Thermoset" means they 



change pemtanenily trom liquid to solid as a 
result of a chemical reaction, and cannot be 
rc-meltcd. unlike the more familiar themio- 
plastics. like nylon or PVC, which soften 
when heated and harden when cooled. The 
thermosets used in composites work are 
polyesters, epttxies, ami yinylesters: pheiio- 
iic resins arc also used in some specialized 
applications, as noted below. 

At its simplest, the making of a composite 
part amounts to saturating some reinforce- 
ment with resin, placing it into or onto a 
mold surface that defines the shape, then 
wailing for the resin to get hard. The magic 
part is the transformation of the resin from 
liquid to solid. The chemistry of thermoset- 
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Resin and catvlirst can coexist peacefully for months sidehy^lde. Rut mix them 
together, and a chemlcaJ reaction takes place that causes the resin to cure, or turn It 
Into a solid. Polyester (shown above) or vlnytester resira don't require critical mea- 
surentents, unlike efMxy^ which must be mixed with Kt hardener In exact proportions. 
Photo by Mkhael Lirtiy 



ting plaslicH is incumpnehensible to most 
non-chemists. Fortunately, that doesn't mat- 
ter, because (he stuff works just fine if you 
follow the instructions. Nevertheless, it is 
useful to has'e a picture in your mind of what 
is going on; first so that all the Dos and 
Duti'Ls make sense: second so you can antic- 
ipate how you might need to change materi- 
als or procedures when you tackle a new job 
for the first time, and finally to help trouble- 
shoot probleias. We take a good crack at 
describing this phenomenon in the adjacent 
sidebar, but here's how it works in practice. 



Rf SIN SYSTEMS 

All these thermosetting plastic resin sys- 
tems have two components — the resin and a 
catalyst or hardfiier. Sepiuately, they can be 
stored for months or years. When the two 
are mixed together in the right proportions, 
however, a chemical reaction takes place 
that begins to cure the resin — to turn it into 
a solid, During the cure, the mixture pa.sses 
through several distinct stages on its way to 
becoming a hard solid. The cure cycle 
always follows the same sequence, with all 
thermoset resins designed to cure at room 
temperature, even though the chemistries of 
polyesters and epoxies arc completely dif- 
ferent, and even though the material added 
to the resin is called a catalyst when the 
resin is polyester or vinylester, but is called 
a hardener or curing agent when the resin is 
epoxy. 

How Rosins Cure 

At first, nothing seems to happen. Tlicn, 
after a time that might be a matter of seconds 
or of hours, depending on the particular 
combination of materials and the tempera- 
ture, (he liquid will begin to give off heat. 
This exotherm can be dramatic and destruc- 
tive if a large amount of material is all cur- 
ing at once. As noted in the .sidebar, the 
chemical reaction that causes the solidifica- 
tion is both propelled by heat and creates 
heat itself, so you can get into a son of spi- 
ral where everything goes faster and fa.ster 
and eventually bums the shop down. This 
only occurs if someone goofs seriously, of 
course, but the relevant point is that the rale 
of the reaction at any moment depends on 
how hot the material is, and that depends on 
the quantity of stuff reacting in relation to its 
exposed area, so a cupful of resin will cure 
faster in the cup than it will if the same 
amount of resin is spread out over u large 
area. 
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A GUIDE TO THE 
"COLD CURE" 



The polyester resins used 
for FRP work arc, by them- 
selves. either solids at nwm 
temperature, or at best very 
thick, sticky liquids. To dilute 
the pt>lycsicr enough to per- 
mit easy wetting-out of a 
reinforcing fabric, it Is usual- 
ly supplied mixed with some- 
where between .“10% and 
of another plastic called 
styrene mmomer., a watery 
thin, clear liquid with a strong 
txlor — the familiiu' fiberglass 
shop smell. Depending on the 
temperature it is stored at. 
this syrupy liquid mixture 
would gradually harden into 
a solid, as the tw'o plastics 
become cross linked. 

You can imagine each liq- 
uid as made up of tong, thin 
molecules, like strands of 
cooked spaghetti. Because 
the strands get tangled up 
with each other, the liquid is 
viscous. The cross links are 
like rungs on a ladder — they 
connect one strand to another, 
turning a viscous liquid into a 
hard solid. At a temperature 
just above freezing, this process might take years; in a poorly ventilated, tin-roofed shed in tropicul heal, it will hap- 
pen in a few days or w'eek.s. To prevent this premature hardening, an inhibitor is added by the manufaciuaT. giving 
a useful shelf life of several months at room temperature. 

What actually drives this cross linking is heat, but the process Is greatly speeded up, at any tcmpcralure. by the addi- 
lioti of a catalyst — usually a material called MEKP (methyl ethyl ketone peroxide). Adding lc,ss than 2% of MEKP 
to such an inhibited resin would cau.se it to gel in just a few hours at room temperature. A few hours, though, is still 
too long for practical use. Quite upon from shop space and molds being tied up for an unacceptably long lime, the 
resin would have plenty of time to ITow downhill to the lowest point in the mold, draining away from inclined sur- 
faces and leaving areas of dry reinforcement behind. What is clearly needed is more heat. Heated molds arc one solu- 
tion; use of an accclcratar is another. 



LAMINATING RESIN 




Gel time, minutes 
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A GUIDE TO THE "COID CURE" (€antinuetn 

When certain combinalion-s of chemicals are mixed together, they react violently and give oil' energy in the form 
of Ileal, if MEKP catalyst, for instance, is mixed with something culled cobalt naphthenate (or CoNap. for short), the 
result is ferocious — if there is more than just u little of each, there will be an explosion! So. if we mix just u little 
CoNap into the polycsicr/styrene blend (0.01% is typical), then add a small amount of MEKP catalyst, the reaction 
between it and the CoNap will create a substantial amount of heat. Now, the cross-linking iLscIf produces heat, and 
both the rate of cross-linking and the elTectivcncss of the catalyst also increase as the temperature rises, so the resin 
mix will very rapidly harden or cure. A typical general purpose polyester resin with 0.0 1 % CoNap and 2 % MEKP 
will begin to gel in Just a few minutes — just slowly enough to permit a worker to fully wet-out the reinforcement, yet 
fast enough to prevent resin diuin-out. This combination of an accelerator like cobalt naphthenate and a catalyst like 
MEKP is what makes the nxim-tempcraiure or cold curing process possible. The slightly purplish hue of general pur- 
pose polyester resin i.s evidence of the presence of CoNap. You niay ucca.sjonat!y encounter the use vif dimethyl ani- 
line (DMA) as the accelerator and ben/nyl peroxide (BP) as the catalyst; for some rexstm. this combination seems to 
be used in polyester-based body fillers — the BP is the yellow stuff in the stiueeze tube. 

A final [wssibility for curing siyrenatcd resias, like polyester and vinylester, is by the use of ultraviolet (UV) light 
Phuto-initiated resins, as they are also called, have been around for a long time: in fact the very first room tempera- 
ture cure process for polyesters depended on UV for curing, though u.sing a now obsolete chemistry. UV curatives 
are available blended into resins from some manufacturers (you can't buy the magic ingredient by iisdO. and these 
olVer some striking advantages. Provided the dispensing and lay-up is done entirely under u "safe" light, the working 
time for the resin (pot life) is unlimited — it won't even begin to cure until it sees ultraviolet light, which pemriLs low 
stres.s working. The exotherm of such resins when they do cure is also notably lower than conventional MEKP cures, 
which allows the build up of very thick .sections without concern idiout excessive heat. On the downside, the resins 
arc up to a liuif more expen.si\'e, and all of the resin has lo be exposed to UV in onler to cure — areas lurking in shad- 
ow will not set up hard, and any kind of core or insen that shades resin beneath will prevent that aiea from ever cur- 
ing. Pigmented get cmis are obviously nut candidates for thi.s process. 

While the above siricily pertains only lo polyester resin.s. vinylesters are chemically quite similar to polyesters. And 
even though the chemistry of epoxies is entirely dilTerent. the principles remain similar, except it i.s worth bearing in 
mind that styrenated polyesters and vinylesters are "trying” to cure from the moment they arc brewed — they require 
an inhibitor to give tliem a decent shelf life. With epoxies, on the other hand, no hint of a cure will occur In the absence 
of a hardener. This has mmifications for shelf life (cpo.xies will last a very lung time in storage), and helps explain 
why thorough mixing is vital for satisfactory results with epoxy. 
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The efTect of ihe heat outpaces the gradual 
solidification at first, so the viscosity of the 
resin drops for a shoit time. (This can be sig- 
nificant in practice, because the resin may 
now be inclined to flow, under the effect of 
gravity, toward the lowest point in the mold, 
leaving areas on vertical surfaces that are 
starved of resin.) Then, while the exotherm 
is still building, the resin thickens to the 
point where it will no longer flow; this is 
called the gel stage. Especially with poly- 
ester resins, the increase in viscosity that 
occurs before gelation can vary consider- 
ably in nature. Some brands just gradually 
thicken and become increasingly sticky and 
"stringy"; others remain workable right up 
to the bitter end, then go off with a bang, so 
to speak. These latter are much more pleas- 
ant to work with. 

Soon after, the resin takes on a kind of 
crumbly consistency, like cheese, and the 
temperature begins to decline. A piece of 
reinforcement saturated with resin that has 
reached this stage has a leathery texture, and 
will cut cleanly with a sharp knife. It is often 
possible to take advantage of this green cure 
to trim the edges of a part, rather than face 
the hard work and flying dust involved in 
.sawing through the same material once it 
has fully haixlencd. This, too, is the stage 
when body fillers based on polyester resin, 
though too soft and gummy for sanding, can 
be easily shaped and cars’ed. Epoxy is rarely 
used in this way, but the same effect occurs. 
This is also the ideal time to add extra layers 
of reinforcement — the exotherm from the 
previous layers has died down, so the new 
material will not be kicked into overactivity 
by heal, but the chemical crosslinking (see 
.sidebar p. 25) is not yet complete, so a true 
chemical bond can develop between the new 
resin and the old. 

After this brief period of green cure, the 
resin grows noticeably harder — a coin 
tapped on the surface will ring. A part that 
has reached this stage cun usually be pulled 
from the mold and handled without risk of 



distonion. Nevenheless, the hardening con- 
tinues for some time, and it may take days or 
weeks before the measured hardness of the 
resin surface stops rising. 

Polyester 

Polyester is not the great grand-daddy of 
ihermosci resins, phenolic is. But polyester 
was the first one that could be persuaded to 
cure at room temperature, which made it 
possible to build really big objects with a 
low capital investment. That led to the post- 
war boom in fiberglass boat building, which 
is most of the rea.son why polyester resins 
and woven glass fiber fabric are so thor- 
oughly developed, so widely available, and 
so cheap. 

Although other resin systems are starting 
to make inroads, especially for high perfor- 
mance applications, the overwhelming 
majority of FRP work (surely more than 
ninety percent) is ba.sed on polyester. 
Epoxies usually produce stronger laminates 
than polyester, and absolutely must be used 
with aramid reinforcement — the surface of 
Kevlar ju.si doesn’t seem to connect well 
with polyester. 

Advantages — Beyond the fact that they 
are cheaper than epoxies by half or more, 
polyesters remain predominant for the very 
good tea-son that they are easy to work with. 
First, they are low in viscosity, which means 
that they can be poured, pumped, and mixed 
easily, and they more readily wet-out rein- 
forcement than do the more vi.scous epoxies. 
(This also makes them ea.sier to spray, but 
that is a secondary consideration, becau.se 
the spraying of epoxy is to be avoided any- 
way, in view of the very severe health haz- 
ards.) Second, the cure rate of polyester can 
be adjusted over a wide range by varying the 
amount of catalyst added, w hich is absolute- 
ly not the ease with epoxy. Finally, polyester 
is arguably les.s hazardous to work with than 
epoxy. 

Drawbacks — Polyester has some draw- 
backs, however. The results with glass. a.s 
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Tlw many advantages of working wtUi polyester reeirM make them practical and populair wttfi ttve boat bultdlng Industry. Tliefo arOt howevei^ 
several drawbacks as well. Cfilef among them Is tfie tact that the Styrene mononw In polyester re*ki. which is a VQC (volatile organic com* 
pound), to becoming Increasln^y regulated. Thto to creating a nightmare for some large boat burden In Calddmia, where S4ich emissk>ns are 
strictly regulated. Photo by hUchael Lutfy. 



noted, are generally inferior in strength and 
impact resistance to similar laminates made 
with epoxy. I believe that this is at least part- 
ly bccau.se of shrinkage. Polyester reduces 
in volume as much as 7% when it changes 
from a liquid to a solid, which corresponds 
to a linear shrinkage of about 1%. Of course, 
a pan made in a icn-fooi-long mold docs not 
end up nearly three inches short, because the 
shrinkage of the resin is fought by the rein- 
forcement. As the resin tries to shrink, the 
fibers oppose it. and they lie almost entirely 
in planes along and across the part. As a 
result, the length and width contract only 
slightly, but the thickness is reduced rather a 
lot. Also as a result, the resin is pn-sjressed, 
which occupies a useful fraction of its 
strength, (niis is also why polyester makes 
a ptMjr adhesive — the joint is very neaiiy 
broken already by the locked in stresses 
cau.sed by the shrinkage that occurs on 
curing.) 

Polyester is also generally unsuitable for 
use in combination with advanced reinforce- 



ments like carbon and Kevlar; it does not 
have the same temperature tolerance as 
epoxy, particularly post-cured epoxy (see 
Chapter 8); and it docs not form good sec- 
ondary bonds. To explain this last point, 
there are times when it is impossible or inad- 
visable to produce a lay-up alt in one go — a 
very thick lay-up. for instance, where too 
much exothermic heat would he built up if it 
were all made at once. But if the first lay-up 
is thoroughly cured when the next is added, 
there can be no actual chemical bond 
between the new and the old sections, so the 
connection between the two will be purely 
mechanical — they ate simply glued togeth- 
er. The poor adhesive qualities noted above 
make polyester distinctly inferior for this 
task. Finally, polyester smells terribly. 

.Stymie Monomer — Actually, it is the 
styrene monomer that stinks (sec sidebar 
p. 25) — that’s most of what you're actually 
smelling when you sniff fiberglass. This can 
cause grief with neighbors and landlords: it 
can cause distress at home when you return 
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from work reeking of siyrene; perhaps 
worse, ii can cause irouble with the govern- 
ment. Styrene monomer is a Vo/atile 
Organic Cmiipaund ( VOC). and a.s such it is 
subject to increo.sing1y stringent regulations, 
both from the point of view of the level of 
exposure for workers inside the shop and 
from the perspective of the total emissions 
from the plant into the atmosphere. This is 
becoming a nightmare for some large boat 
shops In California, where the regulations 
are most strict. 

Apart from changing to a completely dif- 
ferent resin system, there are a number of 
possible approaches to reducing the amount 
of styrene introduced into the atmosphere. 
First is the reduction or elimination of spray- 
ing polyester of any sort; roller coalers and 
fabric impregnaiors (see Chapter 5) are. to 
some extent, replacing spray guns. Then 
there are substitutes for styrene; resin manu- 
facturers talk about such things as vinyl 
toluene and panuncthyl styrene as alterna- 
tive monomers that will cross link with 
polyester. Another approach is the use of 
styrene reduced polyester, instead of the 
usual 40%-45^ of styrene, the proportion is 
reduced to below 35%. This yields a more 
viscous, stickier resin, which makes it more 
difficult to wet out the reinforcement. 

Styrene Suppressed Resins — Finally, 
there are styrene suppressed resins. If you 
have read or heard anything about l%P 
work, you will probably have encountered a 
distinction made between laminaling resin 
and surfacing resin, A feature of conven- 
tional polyester blends is that their cure is 
inhibited by exposure to the oxygen in the 
atmosphere. What that means is that, while 
the bulk of the resin will cure solid, a very 
thin layer on the surface will remain tacky. 
This helps .subsequent layers to bond to one 
another, so this laminating resin Ls used 
wherever additional plies are to be added. If 
laminating resin is used for the last ply, how- 
ever. the sticky surface is a nuisance. To 
eliminate this uncured layer, a surfacing or 






waxed resin is available. As the latter name 
implies, it contains wax, which gets driven 
to the surface as the resin cures, forming a 
film (hut excludes the air and allows the cure 
to go to completion. This barrier between 
the resin surface and the air also reduces the 
evaporation of styrene into the atmosphere, 
and is the basis for many styrene suppressed 
resins. Of course, a surface covered with 
wax is not one that you want to apply addi- 
tional layers of laminate to: if a resin con- 
taining wax is u.scd for laminating, either the 
whole lay-up has to be done at once, or else 
the wax has to be removed from the last 
cured layer before adding more. (To simpli- 
fy the invenioty, it i.s quite practical to pur- 
chase only de-waxed laminating resin and 
add a little »v«t solalim — simply wax dis- 
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solved in slyrene monomer — to the Imal 
batch used for the last layer of a multi-pIicd 
laminate. If you can't find wax .solution, you 
can make your own — see Chapter 4.) 

Types of Polyester 

Polyesters can be formulated to cure with 
different characteristics, from extremely 
hard and brittle to something more like hard 
rubber. For most automotive work, the 
appropriate resins are those used for boat 
building, which lie somewhere in between, 
trading off hardness for a degree of flexibil- 
ity that helps reduce cracking. These formu- 
lations will almost always be pre*accelcrai- 
ed (see sidebar p. 25) — CoNap and/or DMA 
will be mixed in the resin as supplied. 
Finally, we should note that there are two 
kind.s of polyester resin — orthophthalk or 
"ortho." and isophtfuiUc or "tso." The differ- 
ence between them is chemistry and price; 
iso is slightly more expensive, and better. 

Epoxy 

Laminates made using epoxy generally 
have greater strength and better chemical 
resistance than those using polyester, espe- 
cially at higher temperatures. Epoxy also 
shrinks less than polyester — 40%-50% less, 
depending on the curing agent(s) used. As 
well, some fibers like Kevlar and carbtm are 
incompatible with polyester. On the other 
hand, epoxies are distinctly trickier to han- 
dle than polyester, introduce some specific 
health risks (see Chapter 6), and both they 
and their curing agents are significantly 
mure expensive. 

Handling Epoxy — The handling dilTIcul- 
tics stem, first, from the fact that the epoxy 
resins used in composite fabrication are 
more viscous and sticky than polyesters. 
ThLs makes it more difficult both to ensure 
complete mixing of the resin and hardener, 
and to wet out the reinforcement, adding to 
labor and inoeasing the risk of ureas of 
incompletely .saturated reinforcement. It is 
worth emphasizing here the necessity for 



complete and thorough mixing of epoxies, 

To ensure that all of the resin is mixed with 
all of the hardener, some .suppliers urge that 
you change containers twice during the mix- 
ing. Hem's one way: pour the hardener front 
cup "A" into the resin in cup "B," scraping 
the side.s of the container to get as inuch as 
possible out. and mix thoroughly; then pour 
this mixture back into cup "A," again scrap- 
ing the container, and continue to mix: the 
mixture is then poured into a third cup. "C." 
and mixed again. This sounds a bit obses- 
sive. but there is little doubt that most prob- 
lems with epoxy result either from an incor- 
rect resin- tO'hardener ratio, or from inade- 
quate mixing. 

Thinners — Thinners (sometimes called 
diluenis are available to reduce the viscosity 
of epoxy resins. Although these are reactive 
dilucnlN — ^they emss link with the resin in 
much the same way that styrene does with 
polyester — they should be employed with 
caution, Diluents may reduce the strength 
and chemical resistance of the finished prod- 
uct, and certainly will if added in sufficient 
quantity to make the resin a-s easily worked 
as polyester. And some are particularly toxic 
(again, .see Chapter 6). 

Mixing — The .second problem is that, 
with one exception, the hardeners iLsed with 
epoxies must be mixed with the resin in a 
specific proportion, and some require very 
accurate measurement indeed. Miss by more 
than a smidgen and the rc.sult can be any- 
thing from an incomplete cure, leaving a 
weak part, to no cure at all. What Ls more, 
this inlotenince of variation in the hardener- 
lo-resin ratio means that the cure rate of 
epoxy systems generally cannot be adjusted 
by varying the amount of hardener — if you 
want to speed up the cure, you have to either 
pick a different curing agent or incrca.se the 
temperature of the workspace, or the mold. 

RTC Curing Agents 

The very strongest laminates are produced 
with epoxy systems (the combination of 
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nrsin and hardener) that cure at elevated 
temperatures — from somewhat over I OOF to 
more than 350F. There arc. however, room 
temperature curing (RTC) systems, though 
even most of these will benefit from a post- 
cure heating cycle, especially in terms of 
their chemical resi.stance and retention of 
strength at higher temperatures. This is dis- 
cussed further in Chapter 8. Unlike poly- 
esters, where the cobalt naphthcnate acceier- 
ator/MEKP catalyst curing system is almost 
universal for room temperature work, there 
are many completely diffetem curing agent.s 
for epoxy. 

Polyamides — Perhaps the safest RTC cur- 
ing agents are polyamides, sometimes called 
nylon hardeners (nylon is a polyamide). 
These are very viscous liquids with a dis- 
tinct odor of ammonia that are usually 
mixed with the resin in a ratio of somewhere 
between l-lo-l and two parts resin to one 
part hardener. Polyamides are, in fact, the 
only epoxy hardeners that permit this son of 
wide range in rcsin-to-hardener ratio. 
Varying the proponions W’on't much affect 
the cure rale, though; what it does is vary the 
resulting cured solid from flexible and dam- 
age tolerant through hard and brittle. The 
more polyamide hardener, the more flexibil- 
ity and the less hardness the cured epoxy 
exhibits. 

The very high viscosity of polyamides 
(.somewhere between com syrup and 
ketchup) adds to the difficulties created by 
the resin, itself usually inconveniently thick. 
Adding diluent to the maximum pmponion 
recommended by the supplier may achieve a 
manageable viscosity, though it will still be 
very thick compared to polyester. 
Polyamides also produce a very sluggish 
cure — in warm weather you can figure on 
waiting a day before it is safe to pull a part 
from the mold: if the shop is cold. . . well, 
you may as well take this week off. Never 
mind, as long as it doesn't freeze, it will get 
there eventually. 

Amine Hardeners — Much faster acting 



are the amine hardeners. What ate called 
unmodified amines, such as diethylenetri- 
amine (DETA) and triethylenetetramine 
(I hi A), ore somewhat dangerous to handle, 
but you are not likely to encounter them — 
few packagers supply them for use in hand 
lay-up operations. Modified amine curatives 
(curative is yet another term for hardeners) 
are, we are as.suted, much less hazardous, 
though you surely wouldn’t want to use 
them for mouthwash. 

All these amine curing agents are highly 
active — they are commonly used in concen- 
trations below twenty-five percent, and 
sometimes as little as eight percent, and wilt 
cure at room temperature, at least to the 
point where the part can be handled, in as lit- 
tle as a couple of hours. Of course, the pot 
life drops correspondingly — you will have 
to use up the mixed batch within a few min- 
utes. Their vi.scosily is also low. but they are 
generally used in such small proportions that 
this does not really help much in reducing 
the viscosity of the mixture. 

Although most curatives for RTC epoxie.s 
fall into one of the above families, there arc 
dozens of suppliers offering literally hun- 
dreds of different hardeners, and there are 
also catalysts available to speed up the cur- 
ing process when used in combination with 
certain hardeners; to sort the whole lot out 
by yourself, you would need a Ph.D. in 
organic chemistry. Alternatively, you could 
recognize that while there are dozens (per- 
haps hundreds) of formuEaiors and pack- 
agers, there are very few companies that 
actually make the base epoxy resins (Shell, 
DOW, CIBA Geigy, Reichold and there 
may be one other), and gel specific rccom- 
mendation.s from one of them. Even though 
they may not sell the materials directly to 
you, their technical representatives are 
unfailingly helpful and informative. Another 
approach is to buy materials as a package — 
resin, curative, diluent, parting (mold 
release) agent — from one of the many sup- 
pliers that cater to the home-built aircraft 
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and boat kit market. 

Vinylest«r 

Vinylester resins were first developed 
about twenty years ago. for application in 
corrosive environments, such as linings for 
pipes and tanks full of nasty chemicals. 
While perhaps not strictly coneci, it is 
approximately true to describe the vinylester 
molecule as like epoxy at one end and like 
polyester at the other, and laminates made 
with vinylester come close to those of epoxy 
in strength and other mechanical properties. 
Kevlar can be used with vinylester. 

Yet vinylesters are about as easy to u.se as 
polyester, and use the same accelerators and 
curing agents. (Some vinylesters are sup- 
plied without an accelerator; the user has to 
add CoNap and/or DMA just prior to mixing 
in the MEKP catalyst.) Like polyester, they 
contain large amounts of styrene. Their price 
falls between those of polyester and epoxy. 1 
am not aware of any vinylester-based gel 
coats (see Chapter 4), but its compatibility 
with polyester should mean that a vinyle.sier 
laminate can be laid up against a polyester 
gel coat. 

Phenolic 

It is true that room temperature (cold) cur- 
ing thermosets date from after World War IT, 
but It would be a mistake to think that this 



was the beginning of thermosetting resins in 
general. In fact. Dr. Baekeland developed 
phenolic resin around the turn of the centu- 
ry, and patented it as "Bakeiite'' in 1907. 
Phenolic has some interesting and valuable 
properties, especially as electrical insula- 
tion. but it liberates by-products as it 
cures — which requires high pressure to 
oppose, and it cures only at an elevated tem- 
perature — which usually demands heated 
metal molds. The only interest phenolic has 
for us here, then, is its use in pre-pregs, in 
which case it is (like the epoxies also used in 
pre-pregs) partially cured, and most of the 
inconvenient by-products have already been 
removed. 

In a number of cases, phenolic pre-pregs 
have replaced those based on epoxy in air- 
craft interiors as a response to recent avia- 
tion regulations that attempt to reduce fire 
hoitaids in the cabin. They are harder to 
ignite, and when they do bum they do so less 
vigorously, producing less heat and less 
smoke (which is also less harmful) than the 
epoxy-based materials they replace. 

In other respects, though, they seem to 
offer no advantage: they are more expen- 
sive; they have less surface lack — which 
complicates the lay-up of complex, multi- 
layer laminates, and give off more gas when 
curing — which demands greater attention 
during the cure cycle. ■ 
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T o produce parts with a smooth, shiny 
surface comparable to painted metaU 
something needs to be done about the 
""shredded wheat" appearance of raw fiber- 
glass. For such parts — like automotive 
bodywork — a coating of pure plastic resin 
containing no glass or other fiber is usually 
applied to the mold surface and permitted to 
cure before any glass is applied. This gel 
coaf can be selfieolored, which avoids the 
need for painting. Apart from providing a 
cosmetically attractive surface to the fin- 
ished part, the gel coat also protects the glass 
from the effects of weathering, by prevent- 
ing moisture from wickittg along exposed 
fibers into the body of the laminate. These 
are good and sufllcieni reasons for the use of 



gel coal, but another purpose, seldom men- 
tioned but aig:uably just as important, is to 
protect the mold from damage. 

During the hand lay-up molding process, 
the wei laminate needs to be W'orked over 
with a ribbed roller (see Chapter 7 — Wet 
Lay-Up Technique}, to consolidate the lami- 
nate and ensure that there are no air bubbles 
trapped in the work. Without a gel coat, the 
shuffling of ihe wet laminate against the 
mold surface that results from the rolling 
may tear or dislodge the parting film, allow- 
ing the liquid resin to contact the mold sur- 
face. If that should happen, there is a real 
risk of adhesion betw'cen the mold and the 
part. The gel coat, then, also shields the 
mold from the risk of such damage. 
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INGREDIENTS 

Conventional gel coat is nothing more 
than polyester resin, with a few added ingre- 
dients. To prevent runs and sags when the 
gel coat is applied to a vertical surface, a 
iluxotropk a^ent — usually silica gel — is 
blended in, to add body and so resist llowing 
under the clTect of gravity. An inen nilcr 
such as kaolin (china-clay) or silicon diox- 
ide may also be included, which adds a 
degree of impact resistance, and helps to 



reduce cracking during normal wear and 
tear. Such fillers also serve as i'.vfcnr/iETi' to 
help reduce costs. Though clear gel coats arc 
available, a pigment is also usually added, 
both to impart color and to shield the fin- 
ished laminate from ultraviolet tight. 
Depending on the end use of the part, the 
basic ptrlyester fomtuialioii may be niixli- 
Hcd to give gieater hardness, at the expense 
of flexibility, or may be flcxiblizcd, to 
reduce the tendency to cracking. Tlie harder, 
more brittle formulations are usually sold as 
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tooling or sanitary gel coats and are suitable 
f{ir molds and for products, such as bath tubs 
or counter tops, which will bo contacted by 
people or by food. More llcuible GP (gener- 
al purpose) gel coats, less hard and scnilch 
resistant than tooling fonnulations, are 
intended for Ixials. automotive bodywork, 
and similar applications where constant 
vibration would tend to crack a harder plas- 
tic. Finally, because the first layer of lami- 
nate has to bond to the gel coat, the resin in 
gel cool contains no wax. so as to retain its 
otr inhihiied nature and leave a tacky, 
incompletely cured surface, 

APPLICATION TECHNIQUES 

Though il h usually imended for apptica* 
linn by spraying, some suppliers offer a 
brushuble gel ctKit* One difference heiween 
the two is the amount of styrene monomer 
included — addilional styrene is blended into 
sprayable gel coat to make up for the 
amount that evaporaies into the air during 
spraj'ing* [f the same amount were prescni 
in a brushed coat, the extra, unevaporaied 
styrene would increase the brittleness of the 
cured coating. If you insist on brushing gel 
coat, purchase a formulation mode specin* 
cally for brushing, use a very soft natural 
bristle brush, and apply the material with 
long, sweeping strokes. Move continuously 
and systematically across the surface, 
always working up against and toward a wet 
edge: do not brush back and forth as you 
might when applying paint. You will have to 
spot and correct thin arms immediately — if 
additional gel coat is applied over material 
that has gelled but not cured, the styrene will 
attack the incompletely cured previous coat, 
causing it to wrinkle (see alligatoriug, 
p. 39). 

Spraying Polyostor Gel 
Coat 

In truth, it is very difficult to successfully 
apply gel coat with a brush, no maner what 




the styrene content, and most of the trouble 
that novices experience with gel coat can be 
attributed to this factor. The use of a Iambs 
wool roller is also sometimes suggested for 
applying gel coat. Certainly, diflerent indi- 
viduals have different styles of working and 
different preferences for tools, but this 
writer has never had any luck at all with this 
technique, and doesn’t know anyone who 
has. While one of the major attractions of 
FRP work is the simplicity and low cost of 
the equipment required, and while almost 
every other aspect of the work can (and in 
many cases should) be done by hand, apply- 
ing gel coat is one place where investing in 
some machinery is earnestly recommended. 
Proper spray equipment will quickly repay 
itself in superior re.sulLs, reduced scrap, and 
saved time. 

Spray Guns — Various spray guns suitable 
for gel coat application are described in 
Chapter 5, but it is worth spending a 
moment here to urge against succumbing to 
the temptation to use ordinary paint spraying 
gear. There are three problems with this 
approach. First, the Huid passages and ori- 
fices in ordinaiy paint guns arc too small to 
deal with a dense, viscous liquid like gel 
coal. To make the operation possible at all, it 
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is ncccssar>' to thin the gel coat with a sol- 
vent of some son. Acetone or paint thinners 
will reduce the viscosity of gel coat suffi- 
dcnily to allow it to be spmyed with a con- 
ventional paint gun, but some of the sol- 
vent — perhaps a lot of it — will remain 
trapped in the plastic as it cures, leaving an 
inferior, soft coating. Dilution with styrene 
is belter, as the styrene will cross-link with 
the polyester (see Chapter i — Rmwk) but, 
a.s noted above, excess styrene will cause the 
opposite problem — a brittle gel coat. About 
5% .should be regarded as the practical limit. 

The second pmblem is that the gel coat 
obviously needs to be catalyzed in order to 
cure. But if the catalyst is included in the 
plastic being sprayed, it becomes essential to 
completely dismantle the gun for cleaning 
after each use, before the gel coat has cured. 
Miss by a few minutes and your cheap spray 
gun jast became an expensive paper weight. 
Rnally, most inexpensive general purpose 
paint guns are made from materials that are 
not resistant to some of the components in 
gel coat. The MEKP catalyst is particularly 
corrosive, but the inert fillers, too. can cause 
rapid erosion of the metering needle and ori- 
fice. In all, the only .smart move i.s to buy a 



proper gel coat gun and pressure pot. The 
pce.ssure pot is nece.ssary because a viscous 
fluid like undiluted gel coat cannot be 
siphoned out of a container the way paint 
can. 

Setting Catalyst Mixture — Assuming the 
use of an external mix gun that introduces an 
atomized spray of catalyst into the main 
spray pattern of uncatalyzed resin, it is best 
to calibrate the gel coat gun when first pur- 
chased, to ensure a correct proportion of cat- 
alyst. Use a small triangular file to mark the 
"12:(X) o'clock” position on the flow control 
knobs when they are fully closed. After set- 
tling on a suitable working pressure for the 
pressure pot, set the resin flow control at 
some rciLsonable arbitrary position (two 
turns open is u.sually about right), and estab- 
lish the amount of gel coat per minute that 
flows through the gun at that pressure and 
setting, and record the result. The atomizing 
air should be .shut olT during this operation: 
the un-atomizeJ stream of gel coal can be 
squirted into a dean, empty container and 
re-used. 

Then shut off or disconnect the resin flow, 
fill the catalyst container with water, and 
adjust the flow until the quantity per minute 
coming from the catalyst side of the gun 
gives the ratio suggested by the supplier, in 
relation to the previously measured resin 
How. (Water is dose enough in den.sity and 
viscosity to MEKP to give useful intbnna- 
tion without Introducing the hazard of spray- 
ing raw catalyst into the air, but dry the gun 
thoroughly before it is pul into service.) The 
ratio by weight .should be between 1% and 
2,5^, if the catalyst is supplied as a 60% 
concentration of MEKP in dimethyl phtha- 
laie, which is typical. (Pure MEKP is dan- 
gerously unstable stuff, so it is always sup- 
plied dissolved in a buffering fluid.) 

Finally, do a few test runs at your "stan- 
dard” setting, shooting a working thickness 
(12-15 mils, i.e. 0.012-0.015 inch) of real 
gel coat and real catalyst at a piece of card- 
board or other scrap surface, and confirm 
that a cure to the "squeak" stage (see 
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Chapter 7) is achieved in a reasonable time, 
say one lo two hours. Once appropriate set- 
tings are established for pot pressure and 
resin and catalyst flow, you can return to this 
"standard” setting at any time; with a tittle 
experience, minor adjustments to take 
account of changes in shop temperature, 
planned gel coat thickness, etc., can then be 
judged "by eyeball.” 

It is very important to keep the proportion 
of catalyst within the range spcciHed by the 
supplier, typically l%-2.5%. Insufficient 
catalyst will slow the cure of the gel coat, 
requiring a long wait before it is ready to be 
laminated on. Apart from the hold up in pro- 
duction, this also allows more time for the 
surface lo become contaminated with dust 
or airborne moisture. At its worst, inade- 
quate catalyst will result in an incomplete 
cure — the resin gels and begins lo cure, but 
does not progress beyond that point, While 
the surface may appear sound, it never gets 
fully hard. This is a particular problem dur- 
ing hot weather when the proportion of cat- 
alyst is cut back lo allow increased working 
time and to avoid excessive exotherm. It is 
worth mentioning here that, while you can 
hasten the cure of any thermosetting resin 
with heat, you should be careful not to over- 
do it Room temperature curing materials 
should not be heated above, say, 1 20F. And 
on no account blow hot air directly on the 
.surface of any curing polyester, including 
gel coal, and especially tooling gel coat — 
this will cuu.se excess styrene evaporation, 
resulting in a soft, rubbery surface. 

On (he other hand, excess catalyst may 
hasten the cure so much that the gel coat 
shrinks excessively, pulling away from the 
mold and leaving sink.s in the surface of the 
finished part. Too much catalyst may also 
cause pinholes in the gel coat, because there 
was insufTicieni time for escape of air 
entrained in the spray as it pa.ssed from gun 
to mold. An extreme surplus of catalyst will 
cause overheating and blistering that will 
make the part useless, and may damage the 
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mold. 

JVum^er of Coats — ^Unlike paint, gel coat 
should be sprayed in a few thick, heavy 
couLs. rather then several thin ones. As noted 
in Chapter 5. some external mix resin/cata- 
lyst guns will only en.sure thorough inter- 
mixing of the resin and catalyst when the 
resin fan pattern is vertically oriented. To 
ensure uniform coverage, though, it is nev- 
ertheless important to make at lea.si a couple 
of passes in the "wrong" direction. One solu- 
tion to this dilemma is to rotate the mold 
through 90 degrees, rather than rotating the 
air cap on the gun. Be very, very careful 
doing this, however— any rough handling 
will overcome the thixotropy of the gel coal, 
causing it to slump. If the mold is too big 
and heavy to tilt, about the only recourse is 
to ensure that at least the first and last pass- 
es with the gun are the "right" way up — i.e. 
with the spray pattern forming a vertical 
ellipse. 

Excess Gel Coat Problems — When split 
molds arc used, a problem can arise from 
excessive gel coat on the flanges that meet 
when two sections are connected. If a stan- 
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dard <12-15 mil) thickness coating is applied 
to each of these flanges, then when the mold 
sections are damped together all that gel 



tb« nwW «uriwe; lha tMck- coat will get squeezed out in two direc- 
nm of the^ te — towards the free edges of the flanges, 

wottod by tha min. and toward the working surface of the mold. 

Gel coat that dribbles out the free edges of 
the flanges, or through the bolt holes used 
for joining the two sections, can effectively 
cement the two together (OOPS!). On the 
inside of the mold, the excess resin will form 
a thick ridge that effectively produces 
two very sharp inside radii, virtualiy 
guaranteeing that there will be a narrow' 
band of trapped air and/or excess laminating 
resin. In any event, it amounts to a severe 
local variation in the thickness of the gel 
coat. 

To avoid this, the mating flanges should be 
masked just barely outboard of where they 
meet the working surface. Whete practical, 
it is helpful to design and trim the flanges so 
they are just a little (say 1/8 inch) wider than 
standard 2" wide ma.sking tape. This mask- 
ing must, of course, be removed before the 
two mold sections are assembled. If the 



mold is designed to produce a part with nar- 
row, turned under edges, such as for attach- 
ing race car bodywork to a tube frame, the 
additional sections attached to the mold 
flanges may consist simply of narrow strips 
of material. In this case, there is a nifty little 
trick that eliminates half of this masking and 
makes the gel coating process a little more 
convenient. If the placement of the bolt 
holes securing these edge pieces to the mold 
flanges is carefully thought out, it will be 
possible to arrange the edge pieces upside 
down on the mold flanges (temporarily 
located with just a couple of bolts) so that all 
the surfaces can be sprayed in one pass, 
while the edge pieces serve as the masking 
for the flanges on the mold itself. 

REPAIRS 

With the proper equipment, good work 
habits, and a little practice, a satisfactory gel 
coat con be counted on almost every time. 
Nevertheless. Murphy's Law con strike at 
any lime, and there will be occasions when 
an otherwise usable or salable pun will be 
spoiled by alligatored or severely phiholed 
gel coal. While it is not always practical, 
porous or bubbled gel coat and most cases of 
alligaioring can be salvaged. 

Sadly, the repair will almost never exactly 
match the color of the original, and the miss- 
match will be especially noticeable with 
pale colors. Still, because the range of colors 
available for gel coat is not nearly as wide as 
the rainbow of hues that paint comes in, it is 
not uncommon for a pan to be painted. In 
that case, it is usual to select a gel coat that 
is merely close to the paint color, to provide 
a degree of camouflage for minor chips and 
scratches. And in that case, you can use a 
repaired gel coat without risking embarrass- 
ment. Of course, if the part is going to be 
painted and color is not an issue at all, ordi- 
nary automotive polyester body ftller can be 
used in place of the home-made filler 
described below. 
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Alligatoring 

These arc areas with a rippled texture, like 
alligator skin, and it is a partieuiarly depress- 
ing tauti in a Imtshed pan. It may take the 
Ibnti of worm-like nils, or may extend over 
a large area. The cause is an incompletely 
cured gel-coat having been attacked by the 
styrene in the first layer of laminate. The fix 
is simple: be certain that the gel-coal has 
cured, which means applying a sufficiently 
thick, uniform, adequately calaly^^ed coal; 
make sure that the shop is wann enough; 
and give the gel-coat enough time to cure. 

Large areas of ailigatoiing are often too 
costly to repair, hut if you are determined to 
give it a try, sand out the damaged area, 
preferably with a power grinder, dean thor- 
oughly and wipe with acetone, mask the sur- 
rounding area, then spray on a mixture of 
catalyzed gel coat w ith about 2% by weight 
of filler and not more than 10% by w^eighi of 
acetone added. Use lots of catalyst (say 2%), 
be sure to stand back far enough that the ace- 
tone will Jiash off, and build up the repair in 
comparatively thin coats. After curing, sand 
and polish, 

For small, localized areas of gel coat dam- 
age, there is a variation on this repair tech- 
nique which is worth describing. After 



cleaning out and sanding the blemish and a 
small surrounding area, apply strips of 
masking tape just outboard of the edges of 
the repair, catalyze some gel coal (neither 
filler nor wax is needed, using this proce- 
dure), and paint or dribble it into place. Then 
tightly stretch plastic food w^rap over the sur- 
face and tape it dowm on three edges. Using 
a plastic spatula or similar tool, gently 
squeegee surplus gel coal toward the open 
edge, checking for trapped air bubbles. Tape 
dowm the free edge of the plastic film, and 
wait for the cure. The plastic film serves the 
same purpose as the wax— it excludes air 
from the surface and so allows the surface of 
the gel coat to cure, while the masking tape 
defines both the area being fixed and the 
height (about 6 mils) that [he patch stands 
above tlie original surface* reducing both the 
area and the depth of sanding that has to be 
done. 

Pinkoles 

No[ much can be done about small pin- 
holes. but if they arc lat^ge enough, they can 
be filled with a putty made by adding 3%- 
5% filler and about 2% wax solution to 
some of the original gel coat. Cleon the 
affected area free of all wax and parting 
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that casCf you 
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risking 
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Michael Lutfy, 



agent, catalyze the paste, and apply it with a 
putty knife. The same approach can be used 
to repair blisters, localized alEigaiuring, and 
other similar problems. Blisters should be 
cut open and any loose debris cleaned out; 
alligatoring should be attacked with a small 
grinding wheel or cutter in a power drill, to 
give the patch something to get a bite on. 
and then filled with putty. In each case, sand 
after curing with very fine wet-and-dry 
sandpaper until smooth, and polish with rub- 
bing compound. 

Fillors 

Many xtsln suppliers can provide both the 
wax solution and a tiller inateriaL "Cabosir 
and "Aerosil" are familiar brand names, but 
there are .some home-made substitutes that 
can be used in a pinch. Talcum (baby) pow- 
der can be used as 111 ten but be sure to get a 
premium brand — cheap talcum powder con- 
tains not just ground up talc but also lots of 
com Hiarch! To add wax to resin (including 
gel coat) when no wax solution is available, 
gel some ordinary household paraffin wax, 
as ased for candles or for sealing Mason 
jars. To wax one pint (16 ounces) of resin, 
cut off a lump of wax a little smaller than the 
size of a sugar cube (you're aiming for about 



1 gram of wax), and shave it into very fine 
flakes, pour about 8 ounces of resin into a 
clean tin can and place the can in a contain- 
er partly filled with very hot water, add the 
flaked wax and stir until it dissolves, then 
add this cup of resin to a funher 8 ounces of 
room temperature resin, and mix it all 
together. 

GiL COAT ALTERNATIVES 

As noted in Chapter 3, for high perfor- 
mance FRP parts, epoxy is often used as the 
matrix instead of polyester. An immediate 
problem that arises is the selection of a suit- 
able gel coat. Now, epoxy is usually 
reserved for high value parts where the 
added strength of laminates using an epoxy 
matrix justifies the extra cost (and these 
cases will often involve a reinforcement 
other than glass, for the same reason). 
Usually, too, these parts will be painted, so 
the weight of a gel coat is LLseless baggage. 

Protecting Mold Surface 

Omitting the gel coaL, though, raises con- 
cerns about protecting the mold surface 
from adhesion by the epoxy-based lami- 
nate — remember that one of the purposes of 
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ihe gel coat, at least in polyester-based work, 
is to protect the mold surface by preventing 
scouring away of the parting (release) agent. 
Note, too. that epoxy is a much more effec- 
tive adhesive than polyester. Normally, how- 
ever, it docs not contain any solvents like the 
styrene monomer in polyester, so there is 
usually no concern about breaking down a 
wax-based release agent. On the other hand, 
a mold surface protected only by a film- 
forming parting agent tike PVA is at peril! 
The mechanical abrasion that accompanies 
the rolling out of the laminate can easily tear 
that film, and epoxy’s justified reputation as 
an adhesive can then cement part and mold 
together... permanently. 

Most suppliers of epoxy resins offer pro- 
prietary mold relca.se pastes that they assure 
will provide ample protection and a clean 
release, without PVA. About the only 
remaining cause for concern, then, is that 
certain diluents or reducers added to the 
epoxy to reduce its viscosity may them- 
selves be solvents capable of dis.solving the 
mold relea.se. It is just these sons of con- 
cerns about interaction between products 
that makes it sensible either to purchase all 
the products — resin, hardener, diluent, mold 
release — as u matched package from one 
supplier, or else to conduct extensive tests 
before putting a mold at risk. (Actually, 
unless you have worked successfully with 
any specific combination of materials in (he 
past you should probably do both — this is a 
place where a beli-and-saspenders approach 
con save much grief!) Still, there may be 
some instances where it is desired to apply 
some sort of in-mold coating that will pro- 
vide a good cosmetic finish on Hie exposed 
surface of a finished pan made with epoxy. 
There are .several possible approaches. 

Epoxy Surfacing Rosins 

Epoxy-based xuifadnft resins are avail- 
able, but these vary in viscosity from brush- 
able liquids to thick pastes intended to be 
trowelled into place. A trowelled or brushed 



gel coat will be both uneven and needlessly 
thick and heavy, canceling much of the ben- 
efit of using epoxy in the first place. 
(However, these surfacing epoxy pastes are 
ideal for producing a mold surface in epoxy, 
as opposed to parts.) Yet spmyahle epoxy 
gel coat is as rare as hen's teeth. (The prob- 
lem seems to he that an epoxy of sprayaWc 
viscosity lacks enough thixotropy to resist 
running down venicaJ surfaces; compatible 
thixotropic agents are available, but they 
make the resin too thick to spray !) At that, 
an epoxy surface coat does not possess the 
gIos,s and luster of polyester gel coal. 

Using Polyester Gel Coat 

It is tempting to consider retaining a poly- 
ester gel coat, and many purcha.sers accus- 
tomed to gel-coated polyester parts may 
insist on it Unfortunately, the interaction 
between the epoxy used for laminating and 
the air-inhibited tacky surface of a polyester 
gel coat is unpredictable — some formula- 
tions inhibit the cure of the epoxy, and man- 
ufacturers and formulators of both epoxy 
and polyester resins can generally offer no 
advice beyond "try it and see." When 1 tried 
it, with a fairly common polyester gel coat 
and an even more common epoxy laminat- 
ing resin, what I saw was not a happy sight. 
Although both the gel coat and the epoxy 
were fully cured, between them — right at 
the plane where the two met — was a thin 
sticky layer of uncured someihing-ur-oiher. 
With little efTort. the gel coat just peeled off, 
like the shell off a boiled egg. 

On a subsequent trial, a satisfactory result 
was obtained by allowing the gel coat to 
cure much longer than usual — closer to two 
days than two hours — at which time all trace 
of surface tack was gone. Obviously, this 
delay increa.ses the chance of contamination 
of the exposed surface. Protection from dust 
can be achieved by .starting off with a 
scrupulously clean shop and draping a plas- 
tic lent over the gel coaled mold, although 
some air circulation! is desirable to prevent 
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you are 
determined 
to use a gel 
coat on an 
epoxy-based 
laminate, it 
is perhaps 
better to use 
a gel coat 
based on 
vinylester 
resin, rather 
than 

polyester.^* 



the accumulation of evaporating styrene. 
About the only thing that can be done about 
airborne moisture, however, is lo carefully 
pick your time — wail for a spell of weather 
when you can be assured of a couple of days 
of very low humidity. 

Another technique that is claimed lo have 
worked is to add wax to the polyester get 
coat to en.sure that the exposed surface is 
fully cured, then to sand lightly to remove 
the wax and roughen the surface. The sand* 
ing, though, is sure lo be both laborious and 
nerve wracking — there is a con.siant risk of 
premature release of the gel coat from the 
mold. This is probably best left to natural 
gamblers. 

Vinylester Resin 

If you are determined to use a gel coat on 
an epoxy-based laminate, it is perhaps better 
to use a gel coat based on vinylester resin, 
rather than polyester. While it may not be 
technically quite correct, ii is approximately 
true to describe vinylester as being made up 
of molecules that are polyester at one end 
and epoxy at the oiher; it is thus compatible 
with both of the other re.sin systems. While 
the stuff docs exist, vinytester-ba.sed gel 
coats are not widely available. An alterna- 
tive, then, is lo apply a conventional air 
inhibited polyester gel coat, allow it to cure 
to the squeak stage (see Chapter 7), then 
to spray on a thin coat of vinylester. When 
it too ha_s cured lo the tacky stage, the 
epoxy .should (repeat should) bond 
completely without grief. Once again. I uige 
you to conduct small-scale tests, 
particularly in the case of such experimental 
procedures. 

Ik’ansfer Painting 

Then there is a procedure called tran,^er 
painting, developed by Lotus Cars. As 
implemented by Lotus, a coat of 
polyurethane paint is sprayed into the waxed 
mold and allowed to fully harden, then poly- 
ester gel coat is sprayed in, and a polyester 



laminate laid up after it is cured. What is fas- 
cinating here is the possibility of omitting 
the gel coat — why not laminate directly onto 
the urethane paint? Presumably. Lotus 
doesn’t do this because of the problem of 
print through (see Chapter 2). but it would 
seem that the process is also applicable to 
epoxy laminates, whose reduced shrinkage 
would reduce or eliminate the print-through. 
Transfer-painting seems an elegant solution 
to the problem of producing epoxy lami- 
nates with a lustrous colored surface, but 
while it is known that the paint film applied 
by Lotus is, by paint standards, very thick 
(about 0.004 inch) and that the mold surface 
has to he ultra g]o.ssy and flawless, what 
other complications might attend its use are 
unknown. 

A variation on the use of paint as a substi- 
tute for gel coat when using epoxy-based 
laminates is employed by some airframe 
makers. It turns out that latex paint (ju-st like 
you use to paint a room in your house) inter- 
acts in a favorable way with epoxy. After 
allowing drying time for the paint, which is 
sprayed into the mold, you can just laminate 
directly onto it. Although the tinal surface 
finish may not be up to car show standards, 
a little light sanding leaves a surface that 
will hike a coal of glossy paint: meanwhile 
the latex paint ha.s kept the epoxy away from 
the mold. 

Rigidizod A«rylic 

Finally, it is wonh mentioning something 
called rigidized acrylic. This consists of a 
thin sheet of acrylic thermoplastic which is 
first molded to the desired shape, often by 
vacuum forming, then ha.s FRP material 
laminated onto the hidden "back" face, to 
provide the necessary stiffness and heft. In a 
sense, the pre-formed acrylic serves as a sort 
of self-supporting gel coat and a mold at the 
same time. This technique is used for many 
consumer products, including washroom 
fixiuies, recreational vehicle bodywork, and 
some small boats. ■ 



42 



Copyrighted material 





HAND TOOLS 

O ne of the great attractions of FRP 
work is iho simplicity of tools and 
materials required — little is need- 
ed. and most of that iiiile can be picked up at 
the local hardware store, if not at the A&P. 
Nes’crthelcss. there are a few specialized 
tools in the laminator's kit that merit descrip- 
tion. 

Brushes 

The basic tool, of course, is a brush. Since 
many paints and synthetic bristles dissolve 
in either resin or acetone, brushes should 
have natural bristles, set in rubber, and 
should have unpuinted handles. At one time, 
suitable brushes vt'crc available so cheaply 
that it made sense to buy them by the dozen 



and discard them after one use. Alas, their 
cost has now risen from pennies each to the 
best part of a dollar, so it is usual to clean 
brushes, using acetone. 

Cieamng — To avoid wasting the solvent, 
it is wonhwhile setting up a "three can" sys- 
tem. Stan with three empty tin cans about 
half full of acetone. Scrape as much resin as 
possible off the brush, then dunk it and swill 
it around in can #1, removing as much resin 
as possible; then repeat in cans # 2 and 3. 
After a while, can #1 will become hopeless- 
ly contaminated, so move can #2 to the first 
position and #3 to the second, and pour a 
fresh half can of acetone for position three. 
Rotating in this way will save a lot of ace- 
tone. Keep the cans covered when not in 
use. (Rubber and plastic squeegees do not 
present a cleaning problem — cured resin 



A professional FRP shop. 
Cleanlifiou and organlza' 
tlofi, wHh everything In Iti 
plactt^ fosters a similar 
workplace attitude. Photo 
by Jack Gladback. 
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Roll«r« am avaHabte In 
vatlou* conllgumtlooa. 
Some are atralfhi; othem 
m “crowned" (barrel 
»haped) for working curved 
uirtaces. Special profUee 
are available for conwrs* 
Photo by Michael Lirtiy. 




does not bond with their surfaces, so can be 
pcdcd off easily-) 

The other half of the "bueket-and-brush" 
technique — as wet lay-up has been called — 
is the bucket. While it is possible to use 
almost any old container for the resin, dis- 
posable paper cups or tubs of a unifonn size 
are ideal. The size is a matter of personal 
preference — stime people favor working 
w ilh a 2- or 3-inch brush and a paper tub of 
the size used for ice-cream sundaes; some 
prefer a smaller brush and a six-ounce drink 
cup. Either way, be sure they are hot drink 
containers, with a plastic coating — cold 
drink cups have a wax coaling, and the wax 
will dissolve in any styrenaied resin. 

Rollers 

The use of ribbed rollers for consolidating 
and compacting laminates and for busting 
air-bubbles is described in Chapter 7, These 




Abrailvn coated cutting tools are available for trini' 
mhig and other laminate cutting dperMkms. Thete 
eveid bruleing the lamifiate. Photo courtesy Starlfte 
Induet dee Inc. 

rolleri. made from either aluminum or plas- 
tic, are widely avuiluhle, but a home-made 
version can be made using a puint-ruller 
handle strung with alternating laigc and 
small flat washers. Cured resin can be easi- 
ly peeled off plastic rollers (at least until 
their slick surface gets nicked and dam- 
aged). but metal rollers are a different story. 
It is often impossible to get the rollers 
cleaned up before the resin cures, and there 
is no known solvent for fully cured resin, so 
the only alternative to throwing them away 
is to bum off the hardet^ed plastic using a 
pmpane torch. THIS MUST BE DONE 
OUTDOORS — apart from the ob\'ious fire 
hazard, the resulting smoke is evil. The plas- 
tic will ignite after a few seconds and. 
depending on the amount of resin clogging 
the roller, will continue to bum for some 
time after the flame is remo\'cd. Once all the 
plastic is burned, the charred residue will 
scrub off readily with a wire bmsh. 

Shears 

While tt i.*; pmbabty beiier to tear mat than 
to cut it (see Chapter 7), shears are needed 
for cutting cloth, for .snipping bubbles, and 
for tailoring in the mold. To help in clean- 
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The tdeat laminate cutting vrater |iit cutter. 

TM* te the only way to clesily cut aramld. 

Guy Levewfue photo courtny deHavllland, Inc. 



lip. shears that will encounter wet resin can 
be waxed. Ceramic bladed shears are avail- 
able for dealing with dr> aramid. which is 
notoriously tough to cut; aramid pre-pregs. 
on the other hand, can be sliced fairly easily 
with a sharp utility knife. To ensure that it 
stays sharp, the kind with snap-off renew- 
able blades is best. Much heavier shears (as 
used for sheet-metal) can sometimes be 
employed for rough trimming of cured glass 
laminates, but this will prove hard on the 
hands, as it is tough to chomp through all but 
the thinnest laminate. A hacksaw with a 
medium blade is slightly bener, and a power 
jigsaw will work, but blades are gixxl for 
only about an hour of steady work, and the 
entire saw will devour itself inside of a cou- 
ple of weeks, especially if the reinfoieemciu 
Is glass. Besides, the saw-cut edge requires a 
lot of finishing. Also, both the jigsaw cutting 
itself and the finish sanding create a lot of 
very nasty dust. 

Note. too. that any trimming action that 
tends to crush the cured laminate will leave 

a brul.se of fractured resin extending any- 




where from 1/8 inch to 1/2 inch from the 
trimmed edge, depending on the degree of 
violence inflicted. Accordingly, a cenain 
margin has to be provided beyond the final 
edge, to allow this damaged area to be 
ground off using a coarse sanding disk, then 
finished by hand as described in Chapter 7. 
An air-powered cut-off tool with a small 
diameter abrasive wheel is by far the best 
tool for trimming as it inflicts minimal 
bruising and leaves a clean edge that needs 
only a little woik with wet-and-dry sandpa- 
per for a final finish, avoiding much hard 
work and clouds of abnisive dust in the air. 

Not that such things arc alTordable by a 
small shop operator, but the very slickest 
way to cut finished laminates (and about the 
only practical way to cut an aramid laminate 
without leaving a fuzzy edge) is with a 
water-jel tuner— a device like a million 
horsepower Water 

AIR POWER 



ALr-powerdd toolu ard gsnar- 
ally preferable to eloetrkal 
onee In the FHP shop. 
Lighter and coolef running, 
they also last much kmger 
because of their seH clean- 
ing nature. 



** Sparks and 
highly com- 
bnstihle 
vapors are 
the perfect 
comhinatioii 
for patting 
yourself and 
your shop 
into low 



Apan from the obvious need in spraying orbit ** 
operations, there are a number of excellent 
reasons for using compressed air as the basic 
power source in all kinds of reinldired plas- 
tic work. Not the least of these is safely. 

There is an obvious shock hazard in wet- 
sanding with an electric sunder. Worse, elec- 
trical machinery and their switches are capa- 
ble of making sparks. Sparks and highly 
combustible vapors are the perfect combina- 
tion for putting yourself and your shop into 
low orbit. You will have combustible 
vapors — lots of them if you work with 
styrenated resin; you need not have 
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worth two 
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right now^ 
and the com- 
pressor 
makes a 
noise like 
Pink Floyd. 

But no air, ** 




sparks — almosi any kind of tool that is pow- 
ered by electricily is also available in air- 
powered fonn* Air driven cutters, grinders, 
drills, Sanders and all the rest are widely 
available, and since you have to have com- 
pressed air for spraying (and some sub* 
Stances preiiy much ha\e to be spntyed). 
then you may as well do everything with air 
power. 

There is the added benefit that air-driven 
tools are self-cleaning in their vital places — 
abrasive dust is constantly blow n out of the 
moving pans. While electric drills, jigsaws, 
etc., w ill live for only a few^ hours in a fiber- 
glass shop, air tools seem to last forever in 
the same environment, and they can't be hurt 
by overloading or stalling. Besides, air tools 
are lighter and more compact than ihe corre- 
sponding electric model, w'hich makes for 
reduced fatigue and easier handling, as does 
their cool-running nature, thanks to the 
inherent forced draught. Compressed air is 
also sometimes useful to help pop parts out 
of their molds. 



Compressor 

Now that you're sold »n "eanned wind," 
you're going to need Nome equipment. For 
staners, you need a compressor. As a gener- 
al guide, anything less than u 2 hp compres- 
sor is a toy; on the other hand. 5 hp should 
exceed any small shop's needs. To pin it 
down closer, though, you should first of all 
establish the air requirements of all of the 
air-powered equipment you have (and 
expect to get in the future), which can be 
determined from manufacturer's specifica- 
tions. The.se numbers are expressed in cubic 
feel per minute (cfm). but beware—many 
manufacturers list a figure for "typical" use, 
which assumes that the equipment is being 
used intermittently, with long breaks during 
which time the compressor can recuperate. 
You need to know the consumption during 
continuous use. A small air drill, for 
in.stance. may have a "typical" rating of 4 
cfm. but a continuous rating of 20 cfm; one 
popular gel coat gun requires 7-12 cfm for 
continuous use, depending on the pressure it 
is operated at. 

A latter tank can help tide the compressor 
over brief periods of high demand, hut the 
eompres,sur still has to supply the average 
air requirements. Compressor output is 
expressed in cfm of free air at a cenuin pre.s- 
sure. Pressure is not a problem — there's like- 
ly mure than you will ever need, but look 
carefully at the dm ratings. As with other 
products, there are many exaggerated 
claims; read the fine print, and remetnber 
that you usually get what you pay for. 

Never forget that the air compressor is 
your friend, and you've gut to lake care of 
)'our friends. You have not known panic 
until you reach the monient-of-imth in an 
operation worth two months' pay. you need 
some air right now, and the compressor 
makes a noise like Pink Floyd. But no air. 
And it's 8:30 on a Saturday night. 

Immediately, at once, trash whatever kind 
of cheapskate air filter the manufacturer pul 
on your air compressor and do w'hatever it 
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takes to fit a decent automotive-type dispos- 
able paper air filter. Drain water from the 
tank, check the belt tension, check the oil 
level and have a general look over your 
friend at least once a week. Change the air 
filter when you can't see daylight coming 
through the element. 

Plumbing — Getting the air from the com- 
pressor to the tool requires some sort of pip- 
ing. The actual layout will obviously depend 
on the particular arrangements in your own 
shop, but certain general considerations 
should be borne in mind in all cases. 

First, remember that the compressor 
makes the air hot. To help it cool down, a 
considerable length of line should be pro- 
vided after the compressor before anything 
else is connected up. Second, as the air 
cools, condensation will form in the line, so 
you can't just lay twenty or thirty feet of 
hose on the floor or the water will form pud- 
dles in the loops of hose and pass through 
the system in gulps, causing a horrible mess 
in the work. Water in lacquer or resin, and 
especially in gel coat, is a serious problem, 
causing bubbles, discoloration, and patches 
that just never cure or dry. 

Also, there will be a drop in pressure due 
to the friction of the air passing through the 
lines. To minimize this, the plumbing should 
be large in diameter. One solution to both 
problems is to make as much as possible of 
this air piping hard plumbed-~i.e. metal 
pipe instead of flexible hose. This can be of 
steel or copper but iron pipe tends to devel- 
op rust and scale on the inside, so copper is 
arguably preferable. 3/8 inch copper pipe for 
household plumbing is available every- 
where, the sweat soldering skill needed to 
assemble copper plumbing is easily learned, 
and the conductivity of the copper will help 
cool the air quickly. 

One common arrangentent is to run a con- 
tinuous loop of pipe art)und the shop: that 
way air gets supplied from two directions at 
once, reducing the flow — and thus the pres- 
sure drop— through both pipes. The plumb- 




ing should be arranged high up near the ceil- 
ing. with a slight but steady downhill slope 
from the compressor connection to the fur- 
thest ptJint in the loop, to ensure that any 
water in the piping flows to that comer 
There, you should provide a branch line 
pointing straight down, with a tap of some 
sort to let you bleed off the worst of the 
water. To further help with control of water 
in the lines, every drop point from the main 
kxip (except this intentional water drain 
line) should go up fust, before it turns down, 
forming an inserted "J". Here again the wide 
availability of various elbows and flitings in 
copper make.s the actual fabrication a snap. 

Traps & Separators — For clean, dry air 
you certainly require the usual water trap 
and trash separator, but note that the kind of 
air needed by power tools is, to some extent, 
different from that required for spraying 
operations. White spraying requires air to be 
completely oil-free, power tools benefit 
from a little oil in the diet, and so could u.sc 
a lubricator spliced into the line supplying 
them. Color code the lubricated line(s) so 
you don't give a spray gun an unintended 
grease job; better still, use two different, 
non-compatible brands of quick-discon- 
nect,s, so it's impossible to connect a spray 
gun up to a lubricated line. Assemble all 
threaded finings with Teflon^'f (DuPont) 
plumber's tape, screw a lawn-mower muf- 



Rlng-maln air iMumMiig-ttie 
air Una iarma a loop 
complately around th« ahop, 
sloped dewnwaid to the cor^ 
nor hjrtimt from the conv 
prawkrp where a drain line It 
provided to bleed off eccu- 
mulated watei; Note 
the uae of Inverted "J" 
tinge at each drop point to 
reduce rl»k of water In the 
work. 
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usual for 
regulators to 
be perma- 
nently 
mounted, 
spraying of 
gel coat or 
resin is 
greatly facili- 
tated if the 
entire pack- 
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gun, pres- 
sure pot, and 
the regula- 
tors for both 
are all 
portable,*^ 




Aerodine lakes no chanoefl wtth dirty air. This duplex water trap refncives most mo(sture,„a second trap gets 
the remaindef. Note drain hose into slnk-^water Is the enenry of epoxy. Photos by Jack QIadback. 




fler onto every vent to the aimospheTe to cut 
down the blast which raises dusi and rattles 
nerv^es, and provide a slion piece of tlexible 
hose at the compressor connection to help 
isolate vibration. 

Regulators — For spraying* the full output 
pres.sure of the compressor far exceeds 
requirements* so one or more regulators will 
be needed. While it is usual for regulators to 
be permanently mounted* spraying of gel 
coal or resin is greatly facilitated if the entire 
package of spray gun* pressure pot* and the 
regulators for both are all portable. 
Elaborate rigs on wheels* with articulaied 
booms and all sorts of other pricey features* 
can be purchased from various suppliers* 
For amateur or small shop use* however* 
something functionally similar can be made 
up using a cheap utility cart to carry the 
pressure pot, its regulator* a second regulator 
for the gun, a water trap and — to expedite 
cleaning out the gel coat gun and its fluid 
line — a three position valve* to isolate the 
pressure feed w'hile venting the pot to the 
atmosphere. 



Spray Guns 

If you are w'orking with polyester or 
vinylesier, and especially if you plan on 
making your own plugs and molds, you will 
also need a minimum of three spray guns. 
One of these will be a rather special gun for 
gel coal and possibly other resins: the others 
are just ordinary paint guns* Of these* one 
should be reserved for w^ater soluble sub- 
stances* like latex paint and PVA parting 
compound; the other gun is for lacquer and 
other solvent based materials. Each gun 
should be fitted with a quick-release con- 
nector 

Dual Pot — Ordinary paint guns require no 
detailed description here, but it is worth 
remarking on the variety of dilTerent gun 
designs used fox plural comptmeiu spraying. 
Polyester resin with catalyst added* but 
without an accelerator* has a pot life mea- 
sured in hours or days* and polyester con- 
taining accelerator hut not catalyst will la.st 
for months. One technique* then* for spray- 
ing a catalysed, accelerated resin without 
having it set up solid in the gun within min- 
utes is to use tw^o separate heads— one for 
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A "Mb Infection'* HVIP ptufni component »pray 
eun. spray nozzle Is In foreground. Prrato 

courtesy Binks Manufacturing Co, 



A catalyst Ir^ction type gun. The catalyst fkiws 
through the "ears" for atomizing air. Photo courtesy 
Blnks MantrfiKturfng Co. 



resin-plus-accderator, the other for resin- 
p!us-catalyst — ^and to arrange for the two 
&tieanis to meet and inlemiingle outside the 
gun. This two-p<il technique is among the 
first to have been used, it works quite satis- 
factorily, and is popular in some production 
applications. 



External Mix — A moa* common arrange- 
ment is Co spray accelerated resin and cata- 
lyst as two separate streams, the two again 
mixing a few inches in front of the gun. 
Sometimes the catalyst is lifted out of a sep- 
arate container by the suction of the atomiz- 
ing air. just like an ordinary paint gun; some- 




If you are 
working with 
polyester or 
vinylestei\ 
and especial- 
ly if you plan 
on making 
your own 
plugs and 
molds, you 
will also need 
a minimum 
of three spray 
guns. ” 



LAnother brand of catalyst 
infection plural component 
gim. cm see the cetetyst 
spraying frorn the atomizing 
air ports. Photo courtesy 
Qlas-Craft, IrK. 
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Intamal miN guns r»quiro prt>- 
v^ion for flushing iwttli sol- 
wvit bflfcm tlio mJn hard- 
ens, This vaNe assembly 
facilitates the flushing opera- 
tion. Photo courtesy Sinks 
Manufacturing Co. 



“f'«r the 
hobbyist and 
smalt scale 
business j the 
choice will 
almost cer- 
tainly be lim- 
ited to an 
external mix 
resin/catalyst 
gun/* 



limes it is forced ilm>ugh ihc gun by uti 
external catalyst pump, in which case there 
arc a couple of variations. One is the side 
injection style, where the atomized catalyst 
issues from a separate no/zle off to one side, 
and aimed sideways to collide with the 
atomized spray of resin. The other arrange- 
mem is for the catalyst to he injected into the 
atomizing air stream. This is ideal from the 
point of view of ensuring adequate mixing, 
and is a somew'hal more elegant fonn of 
construction: on the other hand, it requires 
special materials for die air hose dowm* 
stream of the catalyst injector. 

haemal Mix — Then there are internal 
mix guns in which two resin streams— one 
catalyzed, the other accelerated — flow' into 
the gun separately and meet in a mixing 
chamber. This mixing chamber is easily 
removed for cleaning, and easily replaced if 
II is not cleaned in tinK\ 

How^cver the issue of keeping the catalyst- 
hearing component from the accelerator- 
hearing component is handled, there is a fur- 
ther choice between air-atomizcd and airless 
designs. Apan from the need for a pressure 
pot to persuade (he viscous resin to (low into 
and [hn>ugh the gun, ihe first type functions 
ver\' much the same as an ordinary' paint 
gun — the fluid issues from the front of the 
gun as a stream of liquid, then is atomized 
by jets of air flow ing through the little '*£ars ' 
at either side of the nozzle. This is reliable. 



cheap and familiar technology, but it causes 
a lt)l of overspray (resin going into the air 
and everywhere el.se except directly onto the 
mold) and bounce back (resin hits the mold 
and rebounds back into the air). 

To comrol these effects and thus cui dow'n 
on evaporative emissions, waste, arid mess, 
the airless gun was invented. Here, the fluid 
stream is forced through the gun by a pump 
running at enormously high pressure (2000 
psi is typical) and atomized in the same way 
that your shower head works — if the pres- 
sure is high enough, the liquid explodes out 
of the orifice with sufficient violence that 
the stream breaks up into fine droplets: no 
air is required. Airless guns are pleasant to 
use but, considered together with the pump* 
ing equipment, the w'hote package is shatter- 
ingly expensive — well beyond the budget 
and needs of a small shop, 

HVLP — A more recent innovation is the 
High VtJume Low Pressure (HVLP) gun. 
This does not really operate on a different 
principle from other air atomized guns, but 
by refining the details it has become possi- 
ble to obtain satisfactory atomization with 
less than 10 psi of atomizing air pressure, so 
overspray and bounce back are dramatically 
reduced, even compared to an airless sys* 
tern, VOC emissions are also significamly 
reduced, even in comparison w'ith airless 
systems. 

Recommendations — For the hobbyist and 
small scale business, the choice will almost 
certainly be limited to an external mix 
rcsin/catalyst gun. Apart from the overspray 
problem of air-atomized setups, the greatest 
limitation of this type is that, while the tan 
pattern of the gun can be varied fmm a ver- 
tical to a horizontal ellipse, the catalyst spray 
is usually fixed in a roughly circular shape. 
Uneven catalyst mixing can occur if the 
resin fan pattern and the catalyst spray do 
not perfectly overlap. With cane — avoiding a 
horizontal fan pattern when possible and, 
when it can't be avoided, assuring that the 
first and last passes w'ith the gun are done 
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with a ^'e^tical fan — the drawbacks are more 
than made up lor by simplicity and low cost. 

MISCELLANEOUS TOOLS 

As described in Chapter 12* po/ysnmte 
/(Him (sold by Dow as "Styrofoam") is an 
excclicni material for the construction of 
plugs. And while other kinds of foamed 
plastic offer superior mechanical propcnics* 
Styrofoam can also be used as the fdler in a 
structural sandwich (see Chapter 15). In 
both cases, the foam wilt ha\e to be cut. At 
its simplest, this merely amounts to trim- 
ming a sheet to size; often, complex curves 
and profiles need to be poxluced. 

Hot Wire Cutter 

The easiest, most precise and tidiest tool 
for cither job is a fwi nire c The prin- 
ciple is straightforward— a modest electrical 
current passing ihrtmgh a fine wire causes it 
to become hot enough to melt its way 
through the foam. Commercial hot wire cut- 
ters are available, but the device is so simple 
that it is probably easiest to make your own. 

Like power tools for working any materi- 
al there are situations where it is better to 
take the tool to the job, and cithers w^hene the 
job should be brought to the tool In the first 
case* what is needed is a portable, hand-held 
apparatus: in the latter, the machine might 
be arranged to make either a horizontal or a 
vertical cut. For blanking out foam station 
sections (see Chapter !2- a vertical 

cutter is most convenient, and an utterly 
simple device rather like a band saw with no 
moving pans can be built in less lime than 
an executive lunch, and for considerably 
less money. 

Taife /tequirements — First you should 
think about the size of table surface 
required. Even though you may somciinTes 
need to pass an entire sheet lengthwise past 
the wire, the actual working surface can be 
kept convenienily small with extra tempo 
rary surtaccs placed around the cutter to 




A portabte hand4i«ld hot wire cuftfir cm\ be made Frocn a fret uw frame, 
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help support such oversize jobs. Alst). since 
u sheet can be tackled form either side, the 
maximum reach required by the cutter need 
be no more than half a sheet width — about 
two feet. A working surface four feet square 
with a wire running through its middle has 
been tbund suitable. 

For many other jobs, the wire is best ori- 
ented horizontally. To reduce the thickness 
of a sheet, for instance, the ^ ire can be held 
above and parallel to the table surlace by 
simple spacer blocks; to produce a "flat" 
curse (a curve in one plane), the win: can be 
strung across a bow which is free to swiset 
about a horizontal axis. With suitable tem- 
plates secured to the edges of the foam using 
nails or double-sided carpel tape, the wire, 
guided by the templates, will rise ;md fall os 
the sheet is pushed across the table surface. 
Many builders of home-built aircraft cut the 
foam blanks for wing sections this way. Of 
course, the templates (and anything else 
contacted by the hot wire) must be heat 
resistant. Aluminum or other sheet metal 
works fine (you may be able lo gel off-cuts 
of vinyl coated aluminum from a contractor 
who installs aluminum siding on houses); 
surprisingly, so does tempered Masonite' 
Plywotxl is less satisfactory', as it is dilTicult 
to produce an edge smooth enough lo avoid 
snagging the wire. 

For the working table top. particle board 
w'iih a thin coating of melamine applied to 
its surface (widely available as nielamine 
bwml-^a building material for kitchen cab- 
inets) is perhaps best. The slick plastic sur- 
face allows the foam to slide easily, and the 
panicle board base is hefty enough to be 
free-standing. A variety of different materi- 
als can be used for the wire itself. Ni- 
Chrome wire, as used for electric heater ele- 
ments, is often found on commercial 
machines, but stainless steel lock-wire (safe- 
ly wire) works well, and even ordinary soft 
iron wire will do. though it will rust rapidly. 

Voltage — ^To supply the "Juice" for the 
wire it is usual lo use a transformer to cut the 



s’oltage from MO to something safer. While 
suitable transformers can be bought at an 
clcclrical supply house, you probably 
already have one — a battery' charger! While 
it is theoretically pretty rough on the charg- 
er, it works. To adjust the current in the 
wire — ^and thus its temperature — some .sort 
of variable resistance is needed, 'fliis can be 
a rheostat or simply an extra length of stain- 
less wire wrapped around something heat 
resistant and non-conducting — a concrete 
hlwk is dandy, By lapping off this resistance 
coil at various points using an alligator dip. 
the current can be adjusted for s arious Jobs. 

The wire can actually be run directly on 
household 110 volt electricity, and w^hilc it 
would be irresponsible to recommend the 
practice in view- of the deciric shivk hazard, 
you're likely going to avoid touching the 
wire whatever its voltage, since it i,s hot 
enough to pttxluce u nasty hum anyway. If 
using 0.020 inch stainless lock-wire, a total 
of twenty feet of wire will produce sufficient 
resistance to pa.ss about two amps ul ilO 
volts — enough to gel the wire gh>wing visi- 
bly in a darkened room. Whatever isn't 
needed for the working length of the wire 
can be wound around the concrete bltrck 
resistor. Bear in mind that the wire will 
expand in length when heated, and shorten 
again when cool. Some of the stretch will 
also become permanent, so sr>me of ten- 
sioning spring will be needed. Depending on 
iLs design, the bow may lake care of this 
more or less automatically. 

Fabric Impregnators 

Although usually thought of a.s a mass 
production tool, a fabric impregnalor can 
quickly cam back its purchase price in labor 
savings; the improvement in laminate quali- 
ty they permit — by \ irtue of itnifomi resin 
distribution and the ability to use tightly 
woven fabrics — is a bonus. Essentially, fab- 
ric impregnators arc nothing more than a 
bath of catalyzed resin through which the 
fabric is drawn, and a pair of pinch arllers to 

Copy i .TiatBria. 
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A ftimple hanctfiowArfrd fabric IcnprcgnatcL Ptwto 
Cdurt«ft]f Gc«ig««fi Brcttrtra. 



wring imt the surplus resin. The technology 
is no more complex than the wringer on an 
old-fashioned washing machine. 

Elaborate air or electrically powered 
machines with features ensuring automatic 
replenishment of the resin and catalyst 
metering pumps are available, at consider- 
able cost. Simpler and less expensive units 
arc al.so sold, that use a hand crank for the 
transpon of the fabric, and require that the 
resin be manually mixed and poured into the 
trough. Or you could moke one yourself; the 
only tricky pan is to ensure that the rollers 
don't spring apun near the middle of the 
swath of doth passing through. 

SHOP lAYOUr 

Reinforced plastic work makes a mess. If 
you don't keep the mess under control from 
the very first, you'll sixin be tripping around 
in a lumpy, hairy, hopelessly dusty fire-trap. 
Not nice. 

If you start off with a concrete floor, patch 
up any cracks and holes as much as feasible, 
dean it furiously, then crank up the fan. slip 
on your mask and gloves, and lay on an 
epoxy paint job. After it's fully cured (read 
the label!), rent an industrial fltxtr polisher 
and wax it thoroughly several times. Now 
you've got a floor you can clean. 




Work Aroos 

Ideally, mold preparation and spraying 
operations, fabric cutting and laminating, 
and trimming operations would occupy 
three separate areas. You ccnainly should 
not have both trimming and laminating 
going on in the same space at the same 
time— the inevitable dust from trimming 
will get into the work. In particular, if you 
gel dust on the exposed surface of a gel coat 
before you laminate, you're in trouble. 
Trimming areas should be swept up fre- 
quently. using a sweeping compound to 
keep down the dust, and vacuumed thor- 
oughly a couple of times a week. Hardened 
lumps of resin will have to be attacked u'tth 
a scraper on the end of a short broom-handle 
before .sweeping. Despite the wax job. some 
little puddles of resin may prove absolutely 
stubborn and eventually, when it's time to re- 
wax the floor, you will Just have to wax right 
over the lop of some of them. 



A fabric lirifpragnatcir is 
anoth«f useful production 
tool* but this complex 
macliliie featuifng automatle 
catafyst metsflng and r«sln 
replenishment Is peihaps 
more than a imall shop 
needs. Photo courtly BInks 
ManufactuTtng. Co* 



Room Temperature 

Shop heat can be problematic. First* the 
shop must be maintained above 65F, and 
preferably 70F* any time work is going on or 
plastic is curing, What*s more* the need for 
constant ventilation to keep vapor conccn- 
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A wkta MMrtmont oi [rations Under control will require a lot more 

**11^ ^^ bv during cold weather, especially in the 

MkhaTurtiir’ northern ports of the continent, than in a 

space where the air can safely be recireutal' 
ed. (Note. too. that in some rented industrial 
spaces the heat is turned down at night.) 
Second, the source of heat should nut pre- 
sent a fire hazard, so open gas flames, etc., 
are out of the question. We can only envy 
people who work in sun belt areas where 
these problem seldom arise. 

Hondy Odds ft Ends 

A clock with a large face, legible numbers, 
and a sw'eep second hand should be hung 
somewhere so it is visible to both whoever is 
doing the laminating and whoever is prepar- 
ing batches of resin*, more than one may be 
required. (If there are three or more people 
working, it often makes sense to designate 
one as "gafter," to mix batches of resin, 
clean up tools on the run, and make sure 
supplies are available to the laminators.) 
Likewise, one or more laige thermometers 
should be within sight, 

A substantial amount of resin will remain 
stuck to the sides and bonom of containers. 



a particular problem with filled resins, gel 
coal and putties, Discarding this is both 
wmleful and harmful to the environment. A 
mbber spatula, as sold for scraping mixing 
bowls in the kitchen, is the tidiest tool for 
scraping this excess material from the sides 
of cans. Gel the real rubber kind with a 
wooden handle — the semi-clear pla.stic type 
dissolves in styrene! 

The glue on ordinary masking tape and 
"Scotch" tape (TM .)M Co.) also tends to 
dissolve when exposed to polyester, or more 
precisely to styrene. “Invisible" mending 

tape — the sort you can write on — seems 
impervious, though, and this is the best stuff 
to use to secure masking, etc. For the miisk- 
ing itself, ordinaiy masking paper is fine for 
paint, but any kind of paper may become 
saturated if drenched in resin. Aluminum 
foil is preferable here. ■ 




Keep your supplies oreonlzed in such a way that 
they are readily at hand. Photo by Jack GJadback. 
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I know that you are pmbubly all excited 
to start making pans out of FRP materi- 
al; you've got the tools, materials and 
the desire. But before we get into lay-up 

technique, which is the focus of the next 
chapter, we still have some mure preparation 
to do concerning safety. 

Reinforced pla.slics cun be. to put it blunt- 
ly. miserable to work with. They stink and 
itch, and if you ever get any in your hair, 
you're definitely up for a new hair-style. Oh 
w'ell, it grows back! And that's the gotxl 
part — there are also some fairly serious 
potential health and safety ha/,ards to be 
encountered when slopping around with 
these materials. These include fire and/or 
explosion risks, and the unhealthy effects of 
various fumes, dusts and liquids. 



ffflSDS 

Those w ho manufacture and market these 
goixis are required by law to provide a 
Material Safety Data Sheet for each prtxiuct. 
identifying its known health and safety haz- 
ards. and providing instructions on its safe 
handling and use. You should insist on an 
MSDS for every chemical product you pur- 
chase. READ IT. AND HEED IT. ’ 



PolYester and Vinylestar 
Resins 

Polyester and vinylcster, as purehased. 
usually contain various other materiais. 

Styrfite — Styrene monomer, which both 
serves as a diluting solvent and also reacts 
with the resin during the curing prctcess. 
accounts for about of the mix, and for 



FRP work can l» a 
messy <ypeiaUon Inde^r As 
you can sad, th« paitickn 
spewing forth from this 
chopper gun con work tMr 
way into your Proper 
precautions must be taken 
when working with any FRP 
materia. Photo courtesy 
FRP Supply OMsion, 
Ashland Chemical Co. 
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'^Because 
styrene is 
fat-soluble, 
the liquid 
effectively 
de-greases 
the skin on 
contact, 
which causes 
symptoms 
ranging from 
mild local 
irritation 
to severe 
dermatitis, 
including 
blistering. 
Liquid 
styrene is 
readily 
absorbed by 
the sA.7/1.” 



most of the familiar tibcr^Iass shop smell. 
Slyrene — also known as vinyl bcn/ene — is 
a clear, colorless,, highly flammable liquid, 
with a very disiinci and per\'asive odor 
which can be detected ai a concentration of 
less than one patl-pcr-million <ppm). 
Because styrene is fat-soluble, the liquid 
effectively de-greases the skin on contact, 
which causes symptoms ranging from mtid 
local irritation to severe dermatitis, includ- 
ing blistering. Liquid styrene is readily 
absorbed by the skin. 

Styrene is volatile, and ten to fifteen per- 
cent of the styrene in the resin can evaporate 
into the w^ork place air during manual lay- 
up. These vapors are irritants to the eyes and 
upper respiratory' tract. Prolonged inhalation 
at 15 ppm and higher can cause burning 
eyes, sneezing and coughing, and can have 
narcotic effects (headache, dizziness, 
dmw'siness* vomiting); 50 ppm and higher 
can cause central nenous system depres- 
sion. Exposure even to levels below 50 ppm 
over months or years — such as a full-time 
worker in the industry may experience — can 
lead to chronic health effects including liver 
and kidney damage, A re-examination of the 
long-term effects of styrene by a division of 
the World Health Ch^anization has also 
increased concerns about its potential as a 
human carcinogen. Its strong odor and irri- 
tating effects help to discourage extended 
exposure, however. 

Nut only is liquid styrene highly flamma- 
ble, its vapors form an explosive mixture in 
air at concentrations of 1 ,5%— ^,7% by vol- 
ume. To put this into perspective, howe\ er, 
1.5% corresponds to 15,0()0 ppm, so the 
critical limit is human exposure rather than 
the formation of an explosive mixture. 

Vi>i>7f,v/er Resins — Viny tester resins, 
intnxluced to the market abt'fut Iw'enty years 
ago, resemble polyester in their ea.se of han- 
dling, yet yield mechanical properties near 
to those of epoxy. Vinylesters, like poly- 
esters (and for the same rea.sons), include 
large amounts of styrene in the can as 
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Check th« MSDA (Mateflal Safety Data Sheet) of 
every product before you work with It. 

Martufacturefs must pfovide them fay low. Photo by 
Michael Lutiy. 

bought. They also generally use the same 
catalysts and accelerators as rnilyesters. with 
the exception that in some Ibmiulations the 
accelerator is not pre-mixed Into the resin, 
but rather must be added by the end user, 
prior to cataly^fing. 

Cata^sts & Accelerators 
For Vinylester & Polyester 

To transform the lic|uid resin into a solid, a 
catalyst is mixed in immediately betbre use. 
This catalyst is usually methyl ethyl ketone 
peroxide (MEKP) or benzoyl peroxide 
(BPO). 

MEKP — MEKP is a clear, colorless liq- 
uid. It Ls explosively unstable in its pure 
form and .so is supplied a.s a diluted solution 
in an inert liquid buffer. While it is not itself 
highly flammable, it is a powerful oxidizer 
which may cause some readily flammable 
substances — like paper, rags or sawdust — to 
ignite spontaneously if it comes in contact 
with them. It is also quite corrosive, and pro- 
longed contact will cause skin bums. MEKP 
splashed in the eyes can cause serious, per- 
manent eye damage. The vapors may cause 
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he<)daches and intoxiculion. and comnsive 
damage to nose. ihmaE and lungs. 

BPO — BPO is not usually used as a cata- 
lyst in curing polyester and vinylester lami- 
nating resins, hut il is (he must common cat- 
alyst for polyester-based auto body filler. It 
is usually supplied as a paste, dispersed in 
some stabilizing medium; otherwise, this 
powerful organic peroxide can be regarded 
as similar to MEKP. 

DMA — Dimethyl aniline (DMA) and/or 
cobalt naphthenate (CoNap) are usually pre- 
sent in stonr-boughi polyester ie.sin as accel- 
erators. or promoters, to speed up the curing 
pftreess. 

DMA is a liquid solution, ranging from 
water clear to light-yellow to brownish. It is 
strongly alkaline and so can cause skin 
bums. Both liquid and vapor may he 
absorbed through the skin and act as a cen- 
tral nervous system depressant. DMA 
vapors are both riammuhle and an irritant, 
and inhalation of the vapors may be fatal. a.s 
may swallowing of the liquid. Chronic 
health efi'ccts of exposure include liver and 
kidney datnugc, 

CoNap — Cobalt naphthenate solution i.s a 
combustible red-violet liquid, with an odor 
of mineral spirits. As either liquid or vapor, 
it is irritating to the eyes and skin, and may 
be absorbed through the skin. Breathing of 
concenUated vapors may cause headache 
and loss of ciKtrdinatlon. It is especially 
harmful if swallowed, symptoms including 
gastrointestinal irritation, vomiting and 
depression. 

Epoxy Resins 

Epoxy resin!i have beiier mechanical per- 
fonnance than polyester, but am significanb 
ly more expensive and raihcr trickier to han- 
dle. They also have different health hazards 
asstxriaied with them. 

Epoxies, as used in wet lay-up fabrication, 
are moderately viscous liquids, varying in 
color fmm water clear to brown. Skin con- 
tact with either the liquid or vapors of some 




formulations can cause modemte to severe 
irritation, and inhalation of their vapors can 
cause irritation of the nose, throat and lungs. 
Ingestion of even the smallest amounts can 
lead to an overall allergic response, 
{Although the most basic kind of common 
sense would seem to exclude the notion of 
actually swallowing substances such as 
epoxy resins, an dTective way to ingest 
them is to eat lunch or smoke a cigarette 
with incompletely scoured hands,) 

Low^t viscosity resins theoretically have a 
greater hazard potential than more viscous 
ones. This obser\'ation is of only academic 
imeresu however, as individual fonnulalions 
can yield, on the one hand, highly viscous 
yet highly irritating products or, on the other 
hand, something like the popular "safety" 
epoxies, w'hich combine low viscosity with 
verj' low irritation potentiaL These differ- 
cnccs to some extent depend on which of 
various glycidil ethers are present in the 
resin, 

Glycidil Ethers — Glycidil ethers serve as 
a reactive diluent for epoxy resin — they both 
reduce the viscosity of the base resin and 
react with it during the cure, analogous to 
the role played by styrene monomer added 
to a base polyester or vinylester resin. 
Glycidil ethers are colorless liquids of low- 
viscosity and slightly sweet odor They vary 
from negligible to severe in potential for irri- 
tation, and some ore suspected carcinogens. 
Major resin makers and foimulators assure 



Sam6 modem epoxy fOfmii- 
latJorw have very low odor. 
Jhh pemiR* work wRhofrt 
a resplrator-ttvDugli we 
cannot In conscience 
recommend tM«. Glovee, 
however, ere ebeolutely 
required when working wtth 
uncured epoxioi. Photo by 
Jack Gledbeck. 
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U«« of pr«-fir«e m«4«dal 
AilmJnatM rtMftty rHlii and 
«ncourafie« m beaWiY work- 
shop atmosphere, ^tote 
cleaiilhesa and neatneas la 
deHavllland'i composItaB 
shop. Ouy Lavesqye photo 
courtesy deHavllland Inc. 



that no responsible supplier markets any 
products containing the nastier gtycidil 
etheiN to amateurs, hut the message may not 
have reached some small re-packaging 
retailers — be\^are when purchasing epoxy 
diluent of anything labeled phenyl glycidil 
ether or butyl glycidil ether 
As many workers have discovered to their 
dismay, a seasitmtion can occur w iih epoxy 
systems. If an allergic reaction is ever trig- 
gered — whether by a single severe exposure 
to a particularly irritating resin, or by long- 
term exposure to low doses of a relatively 
innocuous one— subsequent exposure to 
small doses of even the most benign epoxy 
can cause a rccynencc. Ironically, the same 



kind of sensitization can occur with glycidil 
ethers: moreover a cross-sensitization can 
tK'Cur betw'cen epoxies and glycidil ethers, 
and vice versa. 

Epoxy Curing Agents 

Unlike polycsier und vinylesier, the cur: 
rate of epoxy :iys[ems cannot be varied by 
adjusting the amount of catalyst. For any 
given combination of resin and hardener 
there is a very narrow range of hardencr-lo- 
resin proportions which will yield a proper 
cure, so if a faster or slower cure i.s needctl. 
a different curing agent must be used. (Some 
degree of adjustment of the cure rate can be 
achieved by varying the shop or mold tem- 
perature). Common hiinieners for nxim- 
temperaturc cures are aliphatic amines, 
modified amines, and polyamides. 

Aliphatic Amines — Epoxy curing agents 
of the aliphatic or "unmtxlirted" amine type, 
such as TETA" and "DETA." are seldom 
seen in the amateur field. They are corrosive 
substances of high irritation potential, can 
cause dermatiti.s, severe bums, and may 
have other serious long-term health effects. 
Amines in direct contact with the eyes will 
produce severe damage. 

Modified Amines — Mtxlified amine cur- 
ing agents are now available which have 
very much reduced potential for bt)th irrita- 
tion and sensitization. Nevertheless, pro- 
longed contact with either liquid or fumes 
may cause both effects in some individuals. 
To compound the irony of sensitization, 
some people exhibit cross-sensitivity among 
epoxies and glycidil ethers and amine curing 
agents. 

Polyamides — Poljamidcs fsometimes 
called nylon hardeners — nylon is a 
polyamide) are viscous liquids with a dis- 
tinct odor of ammonia. They are probably 
safer than any of the amine curatives, but are 
awkwardly thick unless diluted. While a 
mixture of eptwy resin and polyamide hard- 
ener can be thinned to a workable vi.scosity 
by diluting with a loigte amount of reactive 
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' ^^Skin contact 
with a solvent 
which has 
been contam- 
inated with 
resin^ such as 
from clean- 
ing tools, 
should 
NEVER, 
EVER, be 
allowed — this 
is a spectacu- 
larly ejjicient 
way of dri- 
ving the resin 
deep into the 
lower layers 
of the skin.” 



unrcucieil, su contact of unprotected skin 
with apparently cured laminates should be 
undertaken with caution. This is a particular 
problem when grinding or trimming the 
cured material, since the resulting tiny dust 
fragments have an enormous surface area, 
and thus a proportionately increased poten- 
tial for irritation. 

Also, the dust from grinding/sawing/sand- 
ing operations usually includes things other 
than cured resin. While the dust of some 
materials, like a.sbestos, is know'n to cause 
cancer, finely divided particles of anything 
are bad for your respiratory system. 
Otherwise innocuous substances like wood, 
flour, and stone can cause grief if inhaled as 
a dust. Partly this .seems to be a function of 
particle size and shape. Gia.ss or carbon 
fibers have a very small diameter, and when 
such fibers arc fractured into short lengths, 
they kxlge in the lungs with distressing 
tenacity if inhaled. They may also irritate the 
outer layers of the skin, and thus greatly 
increase the irritant effects of resins, harden- 
ers, and solvents. 

THE PRECAUTIONS 

By now you have the bad news — ^almost 
all of the materials referred to above have at 
least some potential for adverse health 
effects, one way or another. Now the good 
news — given common-sense precautions, 
which includes adequate ventilation, pro- 
tecting eyes and skin with appropriate cloth- 
ing, and the use of a respirator mask, the 
health risks are minimal. If these simple acts 
of .self-preservation are observed, probably 
the greatest real hazard is fire. 

Flammable Items 

Rammabic solvents and resins should be 
kept in their original containers, stored in a 
well-venlilaied cool place, away from any 
source of heat or ignition. Only as much as 
is needed for a single work .session should 
be brought into the shop, in suitable dosed 



vessels. Obviously, smoking and any sort of 
open flame must be banned from the work 
area, and a big dry-chemical fire extinguish- 
er and a bucket of sand should be on hand, 
just in case. Water docs not do a very good 
job of extinguishing a pla.stic fire. 

Solvants 

Solvents are to clean uncured resin off 
tools, not people. Apart from the horrible 
prospect of a worker half-drenchcd in ace- 
tone suddenly becoming a human torch, the 
solvents serve as vehicles to drive nasty 
chemicals further into the skin. Skin contact 
with a solvent which ha.s been contaminated 
with resin, such as from cleaning tools, 
should NEVER. EVER, be allowed— this is 
a spectacularly efficient way of driving the 
resin deep into the lower layers of the skin. 

Catalysts & A<celerators 

Ciiliilysls iinil iMTceleratoni for polyester 
and vinylester ako require cool storage, but 
particular prccauiions musi he taken to 
avoid these two classes of material from 
ever coming in undiluted contact with one 
another, beeaase of the risk of lire and 
explosion. It is sound practice to keep accel- 
erators in a locked metal cabinet, with the 
key always on your person. 

Because of their potemial to cause sponta- 
neous combustion, peroxide catalyst spills 
of any consequence should be soaked up 
with sand (never saw^dust, rags, or paper 
towel), and any residue thoroughly wooshed 
dow^n with water. 

Ventilation 

Satisfactory ventilation is a must. Air 
.should flow from behind the worker, across 
the work, and away. (Actually, there is no 
"away." Check your local codes for possible 
trouble with the law; also, consider your 
neighbors downwind.) If. a.s is likely, you 
are using a fan to draw air out of the shop, 
situate it so it is aiming downwind under 
typical prevailing wind conditions. The 
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ideal, of couT^, is a \crtieal exhaust stack — 
it never points upwind, so an occasional 
strong gust will not reverse the air flow and 
give you a big shot of gel coal in your face. 

Since most of the troublesome vapors are 
heavier than air, exhaust fan inlets should be 
located close to the lloor, with fresh make- 
up air supplied close to the worker, higher 
up. Similarly, fumes will tend to accumulate 
in high concentrations in any sort of hollow 
depression — ^such as, say, a monocot|ue tub 
being worked on open-side up. Portable fans 
con be placed to dissipate such local pockets 
of vapor, but care must be taken to avoid 
inundating other unprotected workers. 

Respirators & Masks 

With gtxxl ventilation, there are some jobs 
you can do without a respirator. These 
include admiring yesterday's work, waxing 
molds, and taking coffee breaks. Some 
loonies will laminate without a mask. These 
people have — or soon will have — brain 
pans filled with yogurt. You really must 
wear a ma.sk anytime you have pla.stic brew - 



ing. Certainly any spraying, sanding, or 
grinding operation, cutting or rearing mat or 
cloth, cleaning anything with acetone or 
methylene chloride, plural component 
foaming, hot-wim foam cutting, and all tesin 
mixing and laminating absolutely require a 
good mask. 

A good mask is definitely not the pathetic 
little rag that the local paint dealer hands out 
free with a quart of lacquer. That may keep 
out the big lumps, but not dust and tiny fiber 
fragments, and it does absolutely nothing 
about fumes and sapors that can zap your 
liver and/or brain, so that you can no longer 
tie your shoelaces without blinding pain and 
a perplexing inabilitj' to find your hands. 
The mask you need is the authentic Darth 
Vader model, with a honker out both sides, 
each with a reactive cartridge. To save the 
cartridges from getting dogged up with 
du.st, there is usually a mechanical particle 
filter upstream of (he reactive cartridge. 
These felt-like strainers should be changed 
at least weekly — if you're working steadi- 
ly — and the reactive cartridges should be 



Grinding of Incompletely 
cured epoftles piroduces par- 
ticularly hazardous dust. 

Note use here of dust codec- 
tion hood whkh coni^ects 
with the giant vacuum 
nyachbie. Photo by Jack 
Glftctback. 
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form 

of eye protec- 
tion is 

mandatory^ if 
only to guard 
against 

I 

splashes. ■ 
Catalysts^ 
curing 
agents and 
accelerators^ 
especially, 
can cause 
severe and 
almost 
instant dam- 
age to the 
eyes. *’ 




Th® bwt wntHatlon |« provkted ty tW» 0$^-®pprov®<l downdraft bunch, jfot not® oparattif's dust mask^thb 
wIm worker takes no chancm. Ptioto ty Jack Gladback. 



repliiccd os soon as you siait to siwll what 
you're working on. 

Eye Protection 

Some form of eye protection Ik mandato- 
ry, if only lo guard against splashes. 
CalalystSt curing agents and accelerators* 
especially, can cause severe and altnost 
instant damage to the eyes. In view of the 
eye irritation characteristic of many of the 
above substances, there is a case to be made 
for a more elaborate respirator device that 
incorporates a partial face shield — rather 
like a combination respirator and snorkel ing 
mask. On the other hand, with an elTective 
respirator* itchy* scratchy eyes are the stile 
remaining cue that vapor concentrations are 
becoming excessive, perhaps indicating a 
change in wind direction* or a failure in the 
ventilation system. This argues for 
conventional safety goggles, which 
provide protection against splashes, but 
do not exclude fiimes from the eyes. For 
any kind of grinding, sawing, cutting* or 
sanding operation you absolutely and 
definitely need shatter-proof eye 
protection. 



Gloves 

Also, you wilt want protective gloves. The 
disposable vinyl plastic kind are hopelessly 
clumsy and keep falling off; pure latex sur- 
gical gloves are far too flimsy, are impossi- 
ble to get on or off. and are not effective bar- 
riers against the various resins and solvents. 
On the other hand, anything heftier than the 
ordinary' household type at the supermarket 
is loo thick and clunky. Butyl, nitrile, and 
neoprene rubbers arc effective barriers to 
epoxy and related compounds; latex is not. 
Conventional domestic rubber gloves — as 
for dishwashing — are mostly latex. 

Theoretically, these do not provide an ade- 
quate barrier to epoxies and some others of 
the above nasty fluids; they also ore not 
strongly re.sistant to solvents. In practice, 
many workers fmd them adequate if fre- 
quently replaced, and so cheap and widely 
available that there is no excuse for not 
doing so. 

ffarrier Creams — Whatever you settle 
for, you may want to also use a biuricr 
cream, which is applied lo the .skin prior to 
the work session, then washed off after- 
wards. Claims are made that some of these 
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This fhop woHwf almost gets an *A* for his protective gear. He's got the mask, an apron (gloves aren't rea^ 
ty necessary here) but he's irUssIng eye protection. Photo by Mkhael Lutfy. 



“Well-cov- 
ered means 
lightweight 
coveralls 
with sleeves 
rolled all the 
wwy down. 

By far the 
best arrange- 
ment is dis- 



cieani-s pruvide adequate prmectiun all by 
themselves, though if you have ever suf- 
fered through an episode of epoxy rash, you 
may wonder just who volunteered to test 
that claim! Ceriuinly harrier creams can be a 
useful back-up to gloves, especially if you 
opt for thinner, more flexible glot'es. which 
are more penncablc and more prone to acci- 
dental tears. 

With all gloves, mop die worst of the gunk 
off the outside. leave them turned instde-out 
after you remove them, to let the sweat 
evaporate, sprinkle a bunch of talcum pow‘- 
der on the inside before re-use, and throw 
them away if they become tom or if the 
inside becomes contaminated with resin. If 
you are working w'ith latex (i.e, dishwash- 
ing) gloves, they should be replaced at least 
once a week. Gloves should be worn outside 
cuffs. 

Clothing 

Most resin.s work best at temperatures 
rather higher than most people work best, 
and all common thermosetting resins under- 
go an exothermic cure — they put out heat 
w'hen they cure. ALso. some reinforced pla.s- 
lic operations involve phy.sically hard work. 
Put this lot together and you Just know 



you’re going to sweat some, and you're 
going to want to work in shorts and a T-shirt. 
Boy. are you a sucker. If you work fiberglass 
with a bare belly, one of two things will hap- 
pen — either you will never, ever touch it 
again, or you will work well-covered ever 
after. 

Well-covered means lightweight coveralls 
with sleeves rolled all the way down. By far 
the best arrangement is disposable coveralls 
with an integral htKxl that makes you hxik 
like Commander Hygiene. Mode of a paper- 
likc material called ’Ty\'ek" (a registered 
trademark of E.I. DuPont de Nemours, Inc), 
these are w idely available (try' an auiohody 
shop supply outfit), sturdy enough for 
umpteen days of light duty, and — ^all things 
considered — dirt cheap. For really filthy 
operations like cutting and grinding, the 
hood is a godsend, but may prove hot and 
uncomfortable at other times. Nesertheless, 
you’d better cover your head — if you spla.sh 
plastic in your hair, you cun get it out later, 
with scissors: there is no other way. A 
painter’s hat works fine, but you’ll want to 
amputate most of the peak with scissors 
and/or wear it back-to-froni. to prevent 
bumping into your work when peering 
closely at an air bubble. You should snap up 



posable cov- 
eralls with 
an integral 
hood that 
makes you 
look like 
Commander 
Hygiene. ” 
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**Ifyon breathe 
enough glass 
fiber dust from 
grindings you 'll 
get itchy lungs 
and cough 
blood. Later^ 
you may die. If 
you think 
that's fun, try 
breathing two- 
part 

polyurethane 
foam while it's 
reacting: you’ll 
turn green, 
curl up like a 
worm, and lose 
control of your 
bowels. Ditto 
fumes from 
hot-wire cut- 
ting of poly- 
styrene foam. 
And you do not 
want to know 
what happens 
if you get a 
good snoot full 
of certain 
industrial 
strength epoxy 
hardeners. ” 



several such outHts and toss out each one 
after a week or so of use. 

Also, you will get an a.stonishing number 
of dribbles on your shoes. You will want 
leather shoes, so you can wax the bejeezus 
out of them before you ever wear them 
(loafers are best, since there are no laces to 
get glued shut), and from then on you can 
watch as, over the months, they turn into a 
work of spontaneous .sculpture. Extremely 
silly looking disposable T^vek "booties" are 
available to defeat this elTect. 

Cloanlinass 

Gtxxl housekeeping should obviously be 
practiced in ihc shop. Dust should be vacu- 
umed up, not blasted away with an air hose. 
Resin dribbles should be cleaned off all sur- 
faces. Disposable paper coverings for mix- 
ing tables and dsewhere are an excdlem 
way to keep things clean and to avoid inci- 
dental comaci with uncuned resin. Waste of 
oil types should be disposed of responsibly. 
Probably the most environmentally respon- 
sible way to dispose of waste resins and/or 
hardeners is to react them, leaving an inert 
solid. Beware, however, that a container of 
reacting resin generates much more exother- 
mic heal than the same quantity of material 
spread over the large area of a laminate, and 
may represent an unrecognized fire risk. To 
avoid this, the container full of reacting resin 
can be floatexl in a bucket of water 

On top of all this, you should have a lock- 
er on the upstream side of the air-flow' where 
you cm keep your street clothes and your 
supply of clean Commander Hygiene out- 
fits. If at all possible, you should arrange for 
a shower adjacent to the workshop. This 
may seem like a flagnmi luxury; you will 
soon leam otherwise. This is pretty messy 
work at the best of times, and gritty and grim 
and awTuI the rest of the time. At the very 
least, there must be a hand-basin and plenty 
of hot water and soap. A well-known formu- 



lator of epoxy systems suggests the use of a 
waterless hand cleaner to remove inadver- 
tent splashes of resin from the skin, follow^ed 
by soap and hot water. There seems to be no 
high-tech substitute for plain old hot suds as 
a medium for cleaning-up petiple. Besides, 
what are you doing with that stulT on your 
skin? 

If [his personal hygiene business sounds 
like a lot of work, you'll find it s worth it. If 
you breathe enough glass fiber dust from 
grinding, you'll get itchy lungs and cough 
blood. Later, you may die. If you think that's 
fun, tiy breathing two-part polyurethane 
foam while it's reacting: you'll turn green, 
curl up like a worm, and lose control of your 
bowels. Ditto fumes from hot-wire cutting 
of poiy.styrene foam. And you do not want to 
know' what happens if you get a gcHxi ,sn(x>t 
full of certain industrial strength epoxy 
hardeners. So you wear a mask, right? But 
you’re pretty tough, so you'll skip on the 
gloves. Besides, they're clumsy and you 
work belter without them. Sure. Now, figure 
out how you're going to answ'er the phone. 
Or the call of nature. Besides, while you 
might get away with it working with poly- 
ester or vinyiester. if you gel certain epoxy 
agents on you often enough, you will get a 
horrible sensation like you just sand-papered 
yourself and feel compelled to tear your skin 
off. Either that, or it will fall olT all by itself. 

Don't kid yourself, you're still going to get 
itchy and sticky from time to time. Sensible 
precautions, however, will vastly improve 
your sense of humor, your chances of stay- 
ing healthy, and the quality of your work — 
ifs hard to conceniraic and be patient when 
you're desperately uncomfortable. So: Ion 
cranked up; non-porous shoes; clean 
Commander Hygiene outfit: idiotic pink 
rubber gloves: Darth Vader mask. You look 
lovely! Now- FOLLOW THE DIREC- 
TIONS ON THE CAN! ■ 



wO' ig' -itu '*■ 
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W hile many mass-produced FRP 
goods are manufactured by a 
variety of mechanized process- 
es < see Chapter 9), most laige and/or custam 
products — like boats, race car bodywork, 
and lightly stressed covers and fairings for 
light aircraft~are stilt produced by wet lay- 
up. The wet lay-up process appears sim- 
ple — just pul some reinforcement into the 
mold, slobber ii with catalyzed resin* and 
wait a while. Indeed, reduced to its funda- 
mentals, that's all there is to it, and given just 
those simple instructions, a complete novice 
might manage to produce some sort of fin- 
ished pan, though it would probably look 
amateurish and would surely be unaccept- 
ably heavy and weak. It is more likely, how- 
ever, that our rookie would simply waste his 



time turning valuable materials into a w^aste 
disposal problem and* worse* there is a def- 
inite possibility that he would damage or 
ruin the mold. Like doing anything worth- 
while, consistently producing light, strong* 
attractive goods requires a degree of skill 
and care. 

The care is mostly a matter of taking per- 
sonal pride in w'hal you do. The skill, on ihe 
other hand* is something ihai only develops 
with practice* over time, If my experience is 
anything to go by* the practice is usually 
gained by working first in an existing mold. 
Tlien* after gelling the basics down, suffi- 
dent confidence is gained to explore the an 
of mold making, using an existing part (say, 
an auiomobile hood or fender) as the master 
shape from w hich the mold is made. 



Attlwugh H may mm IIM 
ptfttifig the cart before the 
horse* you should practice 
your technique before you 
mahe any rTMlds. Hone your 
lay^p skitls with OKlsthg 
molds* striving for surface 
perfection* Any flaws on 
motds will show u|i In every 
part, so It Is best to team 
on existing ones first, 

Photo by Michael Lutfy. 
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^*PVA is not 
only unnec- 
essary in a 
well made, 
aged moldy it 
is undesir- 
able, since 
the PVA 
leaves a 
slightly 
pebbly, 
orange peel 
texture on 
the surface 
of the fin- 
ished part 
that has to 
he polished 
out. For a 
green 

(new) mold, 
though, PVA 
is vital 
insurance. ” 




Waxing tlie mold Is the first step, ARliough you may be all right whli ordinafy camauba-based wax, H's best to 
get specially designed *mo1d release wax," Apply three separate coats {wax/tMiff, wax/ buff, etc.) to the mold 
just to he sure. Photos by Michael Lutfy. 



As wc shall sec in Chapter II, the proce- 
dures for making an FRPmold are very sim- 
ilar 10 those for making a port in that mold. 
Nevertheless, molds are usually somewhat 
more complex in shape than the part they 
pnxlucc. They almost always involve more 
matenat. and they certainly ore more criti- 
cal — slight flaws that might be insigniricani 
in an individual piece can turn into a night- 
mare when they are built into the mold. 
Beginners, then, are urged to start by pro- 
ducing a simple pan in a mold that is known 
to be OK: the experience can later be 
applied to making molds. 

MOLD PREPARATION 

Assuming that a suitable mold already 
exists, and that wc are working with poly- 
ester, the procedure generally goes some- 
thing like this. First, if the mold is not well 
aged (that is, if several pieces have not 
already been prtxluced in it), a parting agent 
is applied to prevent the part from sticking to 
the mold. The most common parting agent is 
a wax based on camauba — a natural wax 
scraped from the leaves of the camauba 
plant, Copemica prmifera. Sometimes you 
will get away with using ordinary household 
tltx>r wax, but sometimes you wx)n't; unless 
you can alTord to risk throw ing away both 
the pan and the mold, buy a specially for- 



mulated mold release wax. Even thoroughly 
aged molds need an occasional waxing, but 
new ones need extra protection, until the 
heal generated during the cure of the first 
couple or three pans helps complete the 
pt)st-cure hardening of the plastic in ihe 
mold surface. 

PVA 

With a new mold, you first w^ax and ihor- 
oughty buff several limes — ^at least three. 
(You don't need that much wax, but you 
might have missed a few spots the first 
time.) Teny^-doth toweling seems to w^ork 
well for the waxing and buffing. Next, you 
apply a coat of polyvinyl alcohol (PVA), 
which dries to form a thin barrier film that 
provides a second line of defense against the 
nightmare of a pan firmly stuck in the mold. 
PVA is not only unnecessary in a well made, 
aged mold, it is undesirable, since the PVA 
leaves a slightly pebbly, orange peel texture 
on the surface of the finished part that has to 
be polished out. For a green (new) mold, 
though, PVA is vital insurance. 

Applying PVA — It is possible to apply 
PVA without a spray gun (a small piece of 
old T-shirt seems to w^ork better as an appli- 
cator than a brush), hut spraying is defmile- 
ly preferable. The PVA should be sprayed in 
stages, starling with a very light misting, and 
finishing with several heavier coats. 
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Obtaining u unirorm and. above alt. a cori' 
tinuous film of PVA is much easier if the 
mold has a color that contrasts well with the 
PVA. which is green. The film should he 
thick enough that it will peel off the mold in 
one piece without tearing. Once the PVA has 
dried, a process that can he speeded up with 
a hair drier, the next step is the gel coat. 

GEL COAT 

In Chapter 4 wc strongly urged that gel 
coat be sprayed, miher than applied with a 
brush or roller Even with ihc right equip- 
ment, though, gel coat can cause problems. 
Some of these can result from contamina- 
lion of the gel ct>at surface by dust, hand- 
prints, etc. Pinholes, small bubbles and gen- 
eral porosity of the gel coat may be caused 
by an excess of caiatyst, by trapped solvents 
(wWch shouldn't be them anyway), or by 
water in the air lines (see Chapter 5). Soft, 
incompletely cured areas cun result from a 
mis-aimed catalyst stream, in the case of 
external-mix gel guns (again, see Chapter 
5), And there is always the nightmare of alii- 
gatoring, caused by the gel coat being 
attacked by the styiene in either added gel 
coat or in the first layer of reinforcement. 

Thnkness 

As explained in Chapter 3, polyester does 
not ''dry," in the way that say, lacquer paint 
docs: it hardens by a chemical reaction, and 
that reaction depends, among other things, 
on the volume of plastic that Is reacting. 
Thin coats cure more slowly than thick ones. 
Also, since a thin coat has more area for a 
given volume of resin, a thin coal will lose 
proportionally more styrene into the air, and 
the inhibited surface layer wilt account for a 
larger proportion of the total thickness of the 
film. If the coat is too thin, alligatoring will 
inevitably result. Generally, the gel coat 
.should be about 15 mils (0.015 inch) thick. 
12 mils (0,012 inch) is the minimum: any- 
thing thicker than 20 mils will be prone to 




cracking unless the laminate is unusually 
stiff, and anyway represents unnecessary 
weight and expense, ( We're talking about a 
piece part here: the gel coat on a mold sur- 
face is usually somewhat thicker than this, 
as noted in Chapter I L) The thickness of a 
w^et film of gel coat can be measured with a 
simple tool which is often given aw'ay free 
by resin suppliers: slightly more elaborate 
ones can be bought. 



AtHtly g€l coat no thicker 
than 20 mUt, but na thinner 
than i2 mils. Walt urrUI it 
has sufAdently cyred 
before proceedings Use the 
*ilng0rprint~ and "squeak^ 
tests to determine If it Is 
dry. Photo by MIchaei Lutty. 



G«l Coat Curing Time 

The gel coat •should be allowed enough 
curing time to prevent alligatoring. but not 
so long that the .surface becomes contami- 
nated by du.sl or by reaction with humidity 
in the shop air. Uncurcd polyester will react 
with moisture in the air, fonning a micro- 
scopically thin layer of polystyrene, some- 
times visible as a whitish blush on the sur- 
face. that interferes with proper adhesion of 
the layers of laminate that follow. There are 
a couple of trade tricks to judge when a gel 
coat has cured suifidently to stan laminat- 
ing. One is the "fingerprint" test — a finger- 
tip pres.sed on a properly cured gel coat 
should leave a distinct prim, hut none should 
slick to the finger. Goop on your finger? 
Wait a while. No visible print? You' ve wait- 
ed too long! You're aiming for the time 
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''If cloth or 
woven roving 
is used for 
this first 
layer^ the 
slight shrink- 
age of the 
resin which 
occurs on 
curing tends 
to create a 
cosmetic 
problem 
called print- 
through — the 
texture of the 
weave gets 
telegraphed 
through the 
gel coat and 
is visible on 
the surface of 
the finished 
part. ” 




5liai|t comm should be ftded wHli or a strand of roving can be set Into the sfuice. Here, ri^ln has been 
mlKed with Cabosil to fill In the brace seams of this patio irnibrella. Photos by Michael Uitfy, 



bracket between these extremes. The other 
technique is the '’squeak" lest — a finger 
drawn across ihe surface should produce a 
light squeaking sound. Once the gel coat has 
cured to this stage, it is almost time to start 
laminating. Remember that you can speed 
up the cute, if necessary, by applying a mod- 
erate amount of heat, but heat the back of the 
mold, not the exposed uncured get coat, to 
avoid boiling off too much styrene. 

Sharp Corners 

Although it is genenilly bad practice to 
design anything for pnxluction in FRP that 
has sharp comers, there are times and places 
where this is unavoidable. Before placing 
any reinforcement onto the gel coated sur- 
face. it will be nccessaiy to deal first w ith 
any sharp inside comers, as the reinforce- 
ment will not conform to a tight radius, 
bridging over it instead and leaving a pock- 
et of unsupported gel coat. As noted in 
Chapter 1 1 , the sharp comer can be rounded 
using filler, or a strand of ros ing can be laid 
in the comer, to the same effect. 

Some of the technical issues behind the 
choice of reinforcement (glass or some other 
fiber, in the form of mat. cloth or roving) arc 
discussed in Chapter 2. but even if it ha.s 
been decided to use woven goods in the lam- 
inate. it i.s customary to apply mat for the 



first layer of reinforcement in contact w ith 
the gel coat. If doth or woven roving is used 
for this first layer, the slight shrinkage of the 
resin which occurs on curing tends to create 
a cosmetic problem called priiu-thrvuj’h — 
the texture of the weave gels telegraphed 
through the gd coal and is visible on the sur- 
face of the finished part. It is tempting to 
omit the mat in the interest of saving weight, 
and for the very lightest pans a little print- 
thnrugh might he acceptable; ti is also possi- 
ble to sand it off. Generally, though, it is 
wise to use a cushioning layer of mat. 

APPLYING RESIN & MAT 

There are iwti sch<x>ls cif thought about the 
next step, Drv mat ean be applied to the 
exposed gel coat, and then saturated mih 
catalyzed resin, or a coat of catalyzed resin 
can be brushed or sprayed onto the gel coal 
first before setting the mat in place. Since it 
takes about the same amount of time cither 
way, it is probably best la use the second 
technique to avoid the risk of leaving a few 
hidden dry fibers right next to the ge! eoaL 

Any spray gun suitable for gel coal can be 
used to apply laminating resin but, as 
explained in conneciitm w'ith gel coal (see 
Chaptcr4). more styrene will be lost into the 
air if the resin is sprayed rather than 
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brushed, and the stickiness of the remaining 
polyester can not only make life difficult for 
the laminator but also cure to a more rub- 
bery, less hard solid. Additional styrene may 
be added to make up for this evaporative 
I0S.S, but consult with the resin supplier 
und/or conduct some experimenis on this 
point to establish the amount. Unless the job 
is really large, though, it will generally 
prove less trouble to apply the laminating 
resin by brush than to clean all the gel coat 
out of the gun. pressure pot and fluid lines, 
and to reset the gun for the less viscous lam- 
inating resin. Take care, however, to disturb 
the gel coal as little as possible if applying 
the fresh resin by brush — scrub too much 
and you'll have ailigatored gel coat. 

In any co.se, all the reinforcement should 
be tailored to .shape in advance. Both mat 
and doth cut readily with sharp shears 
(though they won't stay sharp for long!), but 
mat is probably better tom rather than cut, as 
the fuzzy edges prove helpful in smoothing 
the transition from one piece to the next. It is 
not wise to attempt to work with very large 
pieces of mat, especially in a mold with a 
complex shape. Tear off pieces about the 
size of a small magazine page, and apply 
them with their frayed edges overlapped, 
working systematically from one end of the 
mold toward the other. After you get the 
hang of it, you may choose to work with 
larger pieces. During this "shingling" opera- 
tion, you should try to keep the thickness 
uniform. Since the amount of material over- 
lapped will vary al the seams between shin- 
gles, you need to fiddle about with the tip of 
the brush, coaxing fiber away from the thick 
areas and toward the thin ones. 

When the glass is welted by the resin, its 
opaque white color disappears and it 
becomes transparent. As soon as this hap- 
pens. deal with any visible air bubbles by 
nudging them with the bru.sh to the free edge 
of the piece of mat. After completing an area 
of a couple of square feet in this way, w'ork 
vigorously over the area with a ribbed roller. 





pressing ftnniy to compact the laminate and 
drive out any remaining air bubbles. Try to 
avoid breaking big bubbles into multiple 
smaller ones, which are even tougher to 
remove. This operation will also help to 
level out differences in thickness. Keep at it 
until you're sure all the mat is wetted and all 
the air is gone. 

Once a piece of mat has been set onto the 
resin-wetted gel coat, do not attempt to pick 
it up again, or to slide it across the gel coat 



We su^e&t It Is better to 
tear mat than to out It, but 
for large numbere of Idefitl- 
cel pieces, many layers of 
mat can be stacked and 
cut together. In the top 
photo, boat kits are being 
prepared, At tiottom, 
ahears are used to cut 
lengths of mat Top photo 
courtesy FRP Supply 
Dlvblon, Ashland Chemicaj 
Co. Bottom Photo: Michael 
Uitly. 
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When Bppl)^lrig mDiD miri, 
ufle m paint brush but don't 
like thCNtn above. 
Use a poking or ** stippling'' 
motion to coat tlw mat. 
Photo by Wlchael Lutfy. 



Thorough and vigorous 
working of laminate with a 
libbed roJler is essential to 
ensure unikinn resin dtetrib* 
utkH) and to exclude air and 
consoildate the lamtrute. 
Note dry areas which 
appear whHe; glass 
becomes compietety tranS' 
parent wher« thoroughly 
wetted by resin. Photo Cour- 
tesy DOW Plastics. 



surface — this is guaraiitceil to scour away 
some of the gd coau leading to alligaroring. 
II' you encounter a particularly persisiem air 
bubble, or a place where the mat bridges 
across a hollow; just snip the mat with the 
shears and fill any resulting gap with anoth- 
er little shred of mat. Using a small {!" or 
2") paintbrush, apply more resin, and work 
the mat firmly onto the gel coat w iih a pok- 
ing or stippling action, rather than a painting 
motion. The binder that holds the mat 
u»geiher dissolves almost instantly in the 
resin, liberating the individual fibers, so 
bmshing across the mat simply drags fibers 
loose and rapidly turns the brush into a fur- 
ball-on-a-slick. 




Resin 

The resin used at this stage should be a 
lam mating nr. sin. Like gel coal, laminating 
re.sin contains no w^ax, so the uppeniiosl sur- 
face in contact w ith the air has its cure inhib- 
ited — it remains sticky, pemiiiiing a sound 
bond to subsequent layers. To avoid a tacky 
surface on the inside of the finished pan, a 
surfacing resin containing wax is used for 
the last layer. The dissolved w'ax rises to the 
surface of the resin* excluding air and ullow'- 
ing a full cure. 

Mixing — Mix up the resin in small batch- 
es: w'halever you don't use w ithin a few- min- 
utes of adding the catalyst will turn to stone. 
While polyester is loleram of fairly wide 
variations in the catalysl-to-resin ratio, you 
should still develop some scheme for mea- 
suring both com|x>nents. For small {battery 
box) to medium (bathtub) sized jobs, a six 
ounce hot drink cup about two-thirds full is 
a convenient aniouni of resin to work with. 
If the catalyst is the usual 60^ MEKP and 
the shop temperature is moderate (say 65 to 
75 degrees F), a medicine dropper filled 
about half*w^ay provides a roughly suitable 
amount of catalyst. Mix in the catalyst thor- 
oughly (wooden popsicic sticks work well), 
but don't stir violentlj' or use any power tool 
for this mixing — ^you’ll get air bubbles 
trapped in the resin. Both the cup and the 
stick should be disciirded after one use. 
Don't engage in petty economies here; even 
traces of partially cured resin will mess up 
the gel lime of the fresh resin. 

Mat Layers 

Whut happens next depend^i on the size of 
(he Job. the rale of cure {deicrmincd mostly 
by catalyst ratio and shop temperature ), how 
many workers are on the job. and how well 
you have planned. Certainly, the first layer 
of mat should be completed in one pass, 
each section being laid in place, saturated, 
and rolled out. before the adjacent piece hxs 
gelled. It w’ould also be ideal if each layer of 
laminate is begun before the previous one 
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has cured. Tliis is not always possible: one 
reason is because it is already lung past quit- 
ting lime. Also, for very thick sections, as 
used in boat construction, a problem arises 
because of the tremendous amount of heat 
created when a large quantity of plastic 
"kicks" all at once. About six to ten ounces 
of plastic per square fool is the practical 
limit. For lighter parts, this is not an issue. 

If the part is small, or if there are extra 
hands available, it should be possible to get 
the second layer of reinforcement in place 
before the first has begun to gel. In that case, 
you need not be overly concerned about 
excess resin in the first layer of mat — the 
surplus will be soaked up by the next. If you 
are working alone, or the part is large, or you 
goofed on the catalyst and the plastic is 
gelling tiK> fast, be sure to use the brush to 
sop up excess resin while it is still liquid, 
scraping it off the brush on the edge of a 
container. DO NOT USE THIS SCRAP 
RESIN — it is full of air! A slight surplus of 
resin is probably preferable to dry areas, but 
puddles of resin are unacceptable. It is quite 
coned that the sttength-io-weight ratio of 
composite laminates falls .steadily with 
increasing resin content, for reasons that are 
discu.ssed in later chapters, but all this really 
means is that the strength remains more or 
less constant, while increasing resin content 
just adds weight — up to a point. When the 
degree of excess resin reaches the point 
where any appreciable thickness of neat (i.e. 
unreinforced) resin exists on the surface, 
though, any .severe Hexing will cause the 
resin to crack, and that crack will act as a 
stress concentration that will reduce the 
overall strength of the laminate. 

If you are forced to work one layer at a 
time, wait until the previous layer has gone 
through its peak exotherm before continu- 
ing. The heat would otherwise speed up the 
cure of the fresh resin, demanding frenzied 
work to stay ahead of the pla.stic. Be sure 
you have used de-waxed resin, and don't 
wait loo tong — as with gel coat, the air- 




inhibited surface of the resin is easily conta- 
minated, jeopardizing the adhesion of the 
following layer. 

Secondary Bonds 

Applying more laminaiions io a fully 
cured surface is asking for tmuble; even 
sanding or grinding all over and etching the 
surface with a quick scour with acetone does 
not alter the fact that any subsequent adhe- 
sion between layers is purely mechanical — 
the new^ resin does not chemically bond to 
the old. Boats, which often have to be made 
in stages for the reasons noted above, some- 
limes experience peeling 

apart of layepi — for this reason- Try' to orga* 
nize ihe job to avoid these secondary' bonds 
if at all possible* 

Peel Ply — When secondary bonds are 
unavoidable, the grinding of the cured pre- 
vious layer can be avoided, along with the 
risk of incorporating some of the grinding 
dust by use of peel ply — u layer of fabric 
treated so it docs not readily adhere to cured 
resin* It is applied as the last step in making 
the first pan of the laminate. When it is lime 
to add new material on lop of fully cured 
old, the peel ply is tom leaving a surface 
which, though still not chemically active, is 
at least textured and dean- 

Either way, the second layer is now' 
applied. You should use larger pieces of 
reinforcement at this stage even if mat is 
being used for the whole job, and especially 



Wlwn iTujItlple layer* of retn- 
forcemont are being vsodt 
mateffal can be sat down 
dry on previous wot layer. 
Ptioto by lack Gladback. 



.VIA" to 

ten ounces of 
plastic per 
square foot 
is the practi- 
cal limit. For 
lighter partSj 
this is not an 
issue. 
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Additional resin to ensure 
compiete saturatton can 
tlwi be apfiiled by brush. 
Photo by iacit Gladback. 



Relnforcenient can be urged 
into piace with a gloved 
hand. Rtoto by Jack 
Ctadback. 



if you have switched to cloth or woven rov- 
ing. If the first layer is still wet. just plop the 
fresh reinforcement down, and let the sur- 
plus resin wick up into it; if working over a 
cured first layer, more resin should be paint- 
ed on first. Add more rcsin where it sccm.s to 
be needed: sop up and discard any surplus. 
Try' to be neat, and keep the overlaps fairly 
uniform — a couple of inches is alt you need. 
While mat. once weiied, can be fiddled and 



stretched into and onto quite tight curses, 
cloth, you will discover, does not sireich! 
Depending on the wca\c. this iiinits the 
amount of three-dimensional cuA'aturc that 
can be handled before the cloth forms wrin- 
kles arcund the edges and refuses to lay flat. 
To avoid bridging over depressions and 
inside comers, set the material dow n first in 
the middle of the hollow and work out 
toward the edges, urging it into place with 
brush and gloved hand. Where it rumples, 
snip pie-shaped pieces out of the creases 
with the shears. 

Remove Surplus Resin & Air — Once a 
reasonable area is covered — say. as much as 
you can reach with one hand without mov- 
ing your feet, wt>rk over the zone with the 
ribbed roller, to compact the laminate and 
ensure that all the air is out. .Special rollers 
are available for comers, in various radii. 
The surplus resin that the rolling operation 
will bring to the surface should be sopped up 
with the brush and discarded. Another useful 
tool for working air and surplus resin out of 
cloth is a plastic or rubber squeegee. Special 
rubber squeegees made specifically for this 
job arc available; the cheap plastic spatulas 
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Especfaily when mat It 
uted, each layer of laminate 
mutt again be corrsotldated 
by rolling. Photo courtety 
FRP Supply Division, 
Ashland Chemk^ Co. 



sold for applying body filler also work fine. 

Positioning the Mold — Since it is always 
easier to w’ork on a surface which is approx- 
imately horizontal, you will usually find it 
necessary to tilt the mold around to various 
attitudes as you work across or along a 
piece. Often you will end up in a situation 
where what was "down" just became "up," 
and the still wet section you just finished 
carefully rolling out begins to sag and droop 
away from the mold. To avoid this, clip the 
edges to the mold with spring type clothes- 
pins. Unless you want clothes-pin-rein- 
forced-plastic, protect their ends with food 
wrap. While this problem usually only 
(Kcurs at free edges, occasionally the edge 
of a piece of reinforcement in the middle of 
a laminate will begin to flop loose. For cloth, 
at least, alumtnunr bandage clips can be 
u.sed to snag the loose piece. 

Also, be careful not to bang the mold 
around too much when handling it — a 
severe jolt can cause premature separation 
of the gel coat and/or laminate. One hidden 
danger here is that the laminate loses weight 
as the styrene evaporates, so the center of 
gravity of the whole thing might move. An 
unattended mold, jury rigged into on appar- 
ently stable position, can suddenly tumble 
over all by itself. It is seriously depressing to 
return from lunch to find your work has di.s- 
appeured from the saw-horses you had the 
mold on. and is now on the floor, incomplete 



but partly released from the mold! This 
doesn't do the mold a world of good either. 

Repeal the laminating operations with 
each subsequent layer, rolling each thor- 
oughly and sopping up surplus resin as you 
go, until the desired thickness is reached. 
For the final layer of laminate, surfacing 
resin containing wax should be used, to 
avoid a tacky finish. If you don't have any 
waxed resin (or you thought you did but just 
ran out!), you can make .some up by adding 
wax to laminating resin, as described in 
Chapter 4. If you can't even get that orga- 
nized. don't panic. The surface will soon 
lose its tack if you cover it with plastic food 
wrap after the resin has kicked. 



A piaalfc ot mblMf 
squeegee Is ofteti piefefred 
lof worKIr^ resJn tbriHigli 
weven lelnforeements. 
Pbote by Jack GlAdbach. 
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N^on wedges sometimes aid 
Mparetloe of meld and part, 
tf trila deesnl wedi, more 
dimtJc measures will limre to 
be taken. Pfiolo by Jack 
Gladbaek. 



'*The next 
day, at the 
earliest, you 
get the real 
reward, ” 



Removing tbe Port 

At this point you can dean up and lake a 
well-earned breather. You may be tempted, 
especially on your first project or two. to get 
the part out of the mold u.s quickly us possi- 
ble to see how it turned out. DONT! Under 
ordinary' circumstances, the port should be 
left in the mold overnight, at least. While the 
part may be quite hard to the touch, the resin 
continues to cure for a long time, and a part 
removed from the mold too early may 
become distorted. Also, the forces invoh ed 
in getting the part out of the mold can be 
substantial, especially with the first few 
parts pulled from a new mold. A green part 
may not be able to take it! 

The next day. at the earliest, you get the 
real reward. If everything worked out right, 
you should soon be popping a shiny, perfect 
piece of your own handiwork out of the 
mold. First, check for edges that have 
wrapped onto the outside of the mold and 
may be attached there, and dip or saw' free 
any such inadvertent adhesions. While 
you're at it, think about where you are going 
to grab hold of the part in your efforts to free 
it — sometimes a flap of hardened laminate 
extending outboard from the mold makes a 



good hand grip; sometimes it makes savage, 
deep, painful cuts in yinir hands. Now the 
real fun begins. 

Twisting — Once in a while, with a mature, 
well-seasoned mold having adequate draft, 
the part will virtually fall out if you hx>k at 
it hard. Usually, it's not quite that easy... and 
sometimes it jast won't budge! Before you 
make recourse to explosives, try the follow- 
ing. First, get some help, arrange things so 
gravity is helping your efforts, and try to 
twist the mold. Reverse the direction of twist 
and try again. When the pan does release, 
and especially if PVA has been used, there 
will asually be a terrifying cracking noise 
that sounds for all the world like fibeigla.ss 
breaking. This lakes a hit of getting used to! 
Also, mind your toes — sometimes parts will 
resist parting for half an hour, then suddenly 
drop out on your feet. 

The Hammer — No luck? Next try to work 
a free edge loose manually, without using 
any kind of tool. Once you’ve got an edge 
free, you've usually got it beaten. If that 
fails, firmly but gently rap all over the out- 
side of the mold with a rubber mallet. Go 
easy here — many molds have been ruined 
by needless violence with a rubber hammer; 
the symptoms are spider web cracks in the 
gel coal, usually in the middle of large Hat 
areas. Again, the startling bang is the cue 
that the part has started to release (whump, 
whump, whump, CRAAACK!). 

Still no joy? If there are enough spare 
hands, try swatting with the rubber hammer 
and twisting at the same time. Next try care- 
fully driving wedges into an exposed edge, 
but be very careful here as you obviously 
risk doing some damage to the mold. Those 
same plastic body filler applicators that you 
might be using for squeegees have a tapered 
edge, and are soft enough you're not likely to 
hurt the mold. Cedar shingles are perhaps 
better wedges, but they're also more likely to 
score the mold surface. The nj'lon wedges 
used for log splitting work well on thicker, 
sliffer parts. 
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Ironically. PVA makes the job tougher. It is 
a terrific parting agent, from the point of 
view of protecting the mold, but it also is an 
effective adhesive. Fortunately, it is water 
soluble, so if you have been able to work 
edges loose without much trouble, but the 
bulk of the part is still stuck somewhere 
deep inside the mold, pour water (preferably 
warm) down the gups opened up by the 
wedges, and resume twisting and staking 
gently with the rubber hammer. If all of this 
fails— you are just going to have to decide 
which to try to salvage, the mold or the part. 
Actually, if things are this bad, when you 
break the thoroughly stuck piece out of the 
mold you are going to discover some spots 
that are well and truly fused to the mold sur- 
face. Look on the bright side — this almost 
never happens except with a brand-new 
mold, and then only i f you decide to gamble 
and do without PVA. 'Nuff said. 

Trimming 

Once the part is out, all you need to do 
then is trim the ragged edges, rinse the PVA 
olT with warm water, and allow the gtMxl 
feelings to wash over you. The rough trim- 
ming can be done with a hacksaw or sabre 
saw, but an air powered cut-off tool is much 
quicker, tidier and easier, and it produces 
much less nasty, itchy dust. Saw-trimmed 
edges are quite ragged and can inflict really 
nasty cuts; even edges trimmed with a cut- 
off wheel need further smoothing. Ordinary 
sandpaper w'orks fine; start w-iih a coarse 
grit, and work finer. Wet-and-dry paper, 
used wet. eliminates the dust, but saw cut 
edges need a coarser grade of paper than is 
generally available with wet-and-dry — 
another good argument for a cut-olf wheel. 

While it's probably too much to expect on 
your first tiy, you will eventually be able to 
judge and anticipate well enough that you 
can save a lot of unpleasant work later by 
trimming the part in the mold before it has 
thoroughly cured. As explained in Chapter 
3, the resin goes through several distinct 




With careful timing, and luck, laminates at a green cure stage can be trimmed In or on 
the moid. This saves much difficult and rnessy cirtting of fully<ured lamlfiate, Photo by 
Jack Gladback. 



stages os it cures. At one of those stages, the 
edges of a partially cured laminate can be 
cut cleanly and easily with a sharp utility 
knife. 

As with the rest of life, practice helps. In 
the meantime, you can cut down the grief by 
following a few simple rules. Begin working 
with small, simple parts; pre-cut all rein- 
forcement and do a "dry run." checking the 
fit and drape of the reinforcement in the 
mold and rehearsing which direction you're 
going to work in; don't use an excess of cat- 
alyst to make up for a cold shop; don't mix 
up too much resin at once. Above all, protect 
yourself from the unpleasant and unhealthy 
effects of resins, catalysts, solvents and par- 
ticles of glass fibers (sec Chapter 6). ■ 



“As with the 
rest of Iif€f 
practice 
helps. In the 
meantime^ 
you can cut 
down the 
grief by f oh 
lowing a few 
simple rules. ” 
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Heal curing of all 

ttMfmosat nskta. Hete radl^ 
mi haatera hwton coia of 
tndycai bodywoHt bn 
Aerodine Composttes' afiop. 
PMo by Jacbt Gladbach. 



W hile fiber reinforced plastics 
have been around in one form 
or another since the 1930's, 
early applications involved the use of resins 
such as phenolics, which required high tem- 
peratures to cute. Ai the same time, the cur- 
ing of these resins involved the libemiion of 
a suhsuintial amount of by-products. To pre- 
vent these from affecting the finished paxl- 
uct, the process had to be conducted under 
considerable external pressure. Since the 
combination of heat and pressure also 
demanded metal molds, this technology was 
limited to the production of ports having a 
simple shape, and produced in large enough 
numbers to justify the elaborate facilities— 
■'Bakelite" electrical parts, for example. 

The real breakthrough came in the late 



I940's with the introduction of polyester 
resins that cured at room temperature, with- 
out liberating any hy-producis and thus not 
requiring high pressure processing. It wus 
this development that made possible the 
open mold, hand lay-up process, which in 
lum allowed the economical production of 
smalt numbers of parts having a complex 
shape, and of almost unlimited size. 
Ironically, qtiitc apart from the appearance 
of stronger reinforcing fibers, such as carbon 
and aramid, the quest for reinfoa'ed plasties 
having greater strength and stiffness than 
traditional contact molded glass/polyester 
laminates has ted to materials and prtx:esscs 
that requin: elevated tcmperatines and pres- 
sures. At the state-of-ihe-an level, these pro- 
cessing requirements take reinfomed plas- 
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tics compleiely out of reach of (he small 
workshop and into the aerospace factories. 
Fortunately, there is some middle ground. 

POST CURING OF EPOXIES 

As noted in Chapter 3, epoxy resins, and 
thus laminates made with them, often gain 
improved mechanical properties from a 
post-cure heating cycle. Here, a laminate 
made with a room temperature curing (RTC) 
resin system is allowed to gel at room tem- 
perature, then is subjected to a specific heat- 
ing cycle, which ramps the temperature up 
in a scries of steps over the course of sever- 
al hours. The greatest benefits from post cur- 
ing, generally speaking, are seen in 
improved retention of strength at higher 
temperatures, but even when measured at 
room temperature, the results can be dra- 
matic. Depending on the particular combi- 
nation of resin and hardener, increases in 
hardness and toughness up to 20% can be 
realized, with comparable improvements in 
laminate strength. 

Print-Through 

Another benefit of post curing in many 
applications is the reduction or elimination 
of pfint-thmugli of the texmre of the fabric 
weave onto the outer surface. To explain, 
first understand that a surface exposed to the 
sun on a hot day—especially a dark colored 
surface — can reach 160 degrees F, or more. 
Second, remember that even after they have 
gelled, typical structural resins (polyesters, 
vinylcstcrs and epoxies) continue to cure 
and harden for a considerable time. During 
this long post-gel cure cycle, epoxies in par- 
ticular become very soft if their temperature 
is raised to as little as 120-130 degrees^ at 
the same time, they slightly expand. The 
bond between the resin and the reinforce- 
mem. though, was established earlier, when 
the tesin gelled. The softening and expan- 
sion of the gelled but incompletely cured 
resin that occurs when the temperature gets 




Fof the close tempeiatore cofltioi ftemanded by HTC retina, ovene with coinploK tern- 
pertfture controls are recfulred. Guy Levesque photo courtesy deHivttland IiiCt 



Up to that critical figure, combined with the 
mechanical restraint of the resin/fiber bond, 
"telegraphs'' the texture of the weave 
through the resin, causing the prim-thniugh 
phenomenon. The solutions are to wait how'- 
ever long it takes for the cure to become 
fully malune (which might he a long 
time indeed — periiaps months in a cool di- 
maie) befom exposing the finished part to 
the real world, or to post cure, which prettj^ 
much guarantees that any print-through 



Knowii^g tompof^turo 
of tho OVW1 Ib Insuffkiontr 
to koop track of tfie tempera- 
ture of laminate 
thermocouplM am embedded 
In the laminate. Plug permit* 
cofinectbig thermocouplo to 
oven controtlor/ recordor. 

Guy Lovetque photo courtny 
ckHavllland Inc. 
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Po*t-curc avails for ETC 
epoxies can be bou£ht^ or 
you can make your own, Ilka 
thli exampla In Googerm 
Brotlief^' shop. Photo couf' 
t«y Gougeon Brothers Inc. 



apparent at the time the part is de'inolded 
can be sanded off with the assurance that it 
will not return. Of course, for parts where 
cosmetics are not critical, the whole issue 
can be ignored. 



**Of coiirfic^ 
for parts 
where coS” 
metics are 
not critical^ 
the whole 
issue can be 
ignored. ” 



UrnwlMKks 

There are two points lo note, though. First* 
while it seems lo always help reduce print- 
through and to improve mechanical proper- 
ties at moderately elevated temperatures* 
some epoxy fonnutations do not seem to 
gain any room temperature strength or 
toughness at all fmm post curing. Second* 
the whole operation only works if it ts con- 
tmlled. Too little heat* or too tittle time at 
temperature and you may as well not bother; 
too much heat, or ramping up the tempera- 
ture Uk> rapidly can prcnluce a completely 
junk part. Epoxy manufacturcrs and formu* 
lators can provide details on the effective- 
ness of post curing their products, and on the 
lime/tcmperjlure relationships needed to 
realize optimum properties. The recommen- 
dation of one supplier of kit-p]anes to paint 
the siructurc black and leave it (w^ell sup- 
]x>rtcd) out in the sun is surely a little too 
slap-dash. 

Heating Advantagas 

Heat speeds up the curing of all Ihcr- 



mo.setting resin.s. and most workers sooner 
or later find themselves forced to improvise 
some sort of supplementary heating for parts 
that are taking too long to harden. These 
makeshift arrangements often take the form 
of portable heaters inside a tent made from 
plastic sheeting that surrounds the job. To 
increase the effectiveness of the heaters and 
cut heating costs, the tent can be insulated in 
some way; some builders use bubble pack 
made from metallized, silver colored Myiar, 
which in.su]aies better than ordinary pla.stic 
sheeting. Whatever the materials, such stop- 
gap measures are often adequate for post 
curing. 

Another advantage to using heat (within 
reason) to accelerate the achievement of a 
full cure is that it reduces the exposure time 
of the incompletely cured laminate, which 
minimizes the risk of the surface becoming 
contaminated with dirt, moisture, hand 
prints, etc. And this is true of all resin .sys- 
tems, not just epoxies. Of course, reducing 
the length of time a part has to spend sitting 
in the mold before it can be removed with- 
out risking di.stortion also frees the mold up 
for the next job. 

ELEVATED TEMPERATURE 
CURING EPOXIE$ 

For applications w'here minimum weight 
and maximum strength are important, high- 
er perlbrmance resins may be selected, and 
that often means epoxy resin systems 
designed to cure at higher than room tem- 
peratures. For a tnie high temperature cure 
(HTC), the temperatures required with some 
resin systems arc so high (up lo 400 degrees 
F) and the demand for close control of the 
heating so strict that simple tenLs and other 
ad-libbed arrangements are inadequate. The 
only solution is a purpose-built oven, fitted 
with precision timers and automatic temper- 
ature controls. Large and expensive industri- 
al ovens are available for this purpose. 

Between RTC and HTC resin systems, 
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ihough, there are some that offer better prop- 
erties Chan purely room temperature sys- 
tems. without absolutely demanding a siz- 
able additional investment in equipment. 
While there are no firm dividing line.s, a dis- 
tinction is often made between HTC's and 
elevated temperature curing (ETC) systems, 
depending on the actual temperatures called 
for Indeed, some manufacturers list resin 
systems chat call for a room temperature 
cure, followed by an elevated temperature 
post cure. These differ from post-cured 
RTC's only in that the post cure is mandato- 
ry. (Note that we say "resin systems," rather 
than simply "resins"; very often the same 
resin is u.sed for nxim and ET and HT 
cures — it is the curing agent that differs.) 
While the cost of a commercial oven obvi- 
ously cannot be Justified for one-time or 
occasional use. the temperatures called for 
by many such ETC systems are achievable 
with much less elaborate arrangements. 

Heating Methods 

In this connection, never Toilet that an 
oven is simply an insulated box with a heal 
source inside: in some cases it may be quite 
practical to make your own. It is not pmhib- 
itively expensive to construct a frame for a 
simple shed-like strucUire, with sheet-rock 
walls and ceiling, heavily insulated on the 
back side wiih rock-wtx)l or fiberglass batts. 
(Forget about foam insulation: apart from 
increased fire risk, insulating foams may 
soften at the temperatures involved.) 

Cautions — While undiluted eptixies do 
not include flammable, low boiling point 
solvents, like the styrene in polyester and 
vinylester resins, these materials are never- 
theless nammable, tind extreme care must 
be taken to avoid fire. Thai pretty much lim- 
its the possible heal sources to electricity, 
steam and hot water, though the use of water 
is obviously limited to temperatures below 
its bailing point of 2 1 2 R 

Heating the Mold — An alternative to 
heating the space surrounding the lami- 



nateymold assembly is to heat the mold 
itself. Electric resistance heaters arc avail- 
able for this purpose: some are in the form of 
blankets to be applied to the outside suil^ce 
of the mold, others are flexible tapes that can 
be incorporated right into the laminations 
that make up the mold. Again* insulation 
will increase the effectiveness of the healers, 
and cut energy costs. 

Other means to heat the mold could be 
used. On one occasion, I considered build- 
ing heating lubes of either aluminum or soft 
copper into a mold, to sen^e fxilh as closely 
spaced mold stifreners and as conduits for 
hot water from a domestic water heater. 
There were several attractions to this 
scheme. First, electric healing tapes are not 
cheap: in order to use them, control of the 
temperature ai the mold would require a 
fairly complex and expensive collection of 
thermocouples and control lets. Second, the 
shop already had a huge spare electric hot 
water healer, with a built-in, adjustable ther- 
mostaL This scheme was never tried, for a 
variety of non-technical reasons, but the 
idea remains intriguing if only because of 
its low^-buck, "made-ii-myseir apj>eal. 
Therefore, I'm going to mention some of the 
problems 1 had anticipated while planning it 
out, just in case you decide to build one, 

First is the hassle of draining, filling and 
bleeding the system whenever the lines arc 
hooked up or disconnected. Another is the 
potential hazard of scalding hot water 
spilling out if a line or connection ever 
springs a leak. Also, to avoid using outra- 
geous amounLs of water and electricity (or 
gas), the system would ha\e to be a closed 
loop type, with water citculaiing fo^m the 
heater to the mold, then back to the heater. A 
circulating pump would also be necessary: 
ihermo-siphon might do the job, but the 
heater would have to he kKaled well below 
the mold and the plumbing runs made short 
and large in dtanicier. But if the system were 
UTily closed, a leak, even a slight one, would 
cause an unattended heater to boil dry', thus 



**Whiie undi- 
luted epoxies 
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systems, thus entailing a modest reduction 
in mechanical properties, but a moni; serious 
problem is that the strength and stiffness of 
parts produced in this way are restricted by 
the low reinforcement-to-resin ratio, 
becaase the only force available to compact 
the laminate is gravity. This inevitably 
means there is more resin in the product, and 
thus more weight, than is necessary to carry 
the load from one fiber to another, which is 
a drawback in any performance application, 
even for pans whose job is mostly cosmetic. 

Matched Molds 

A substamial improvement in the ratio of 
reinforcement-to-resin can be achieved by 
increasing the force compacting the lami- 
nate. squeezing the fibers closer together, 
driving out air and excess resint and thus 
yielding a denser, stronger product In mass 
production of some FRP goods this is 
achieved by using matched male and female 
molds — usually made from metal — 
squeezed together in a press. This process is 
generally limited lo parts with a compara- 
tively simple shape having no undercuts, 
such as cafeteria trays, institutional fumi- 
lune, and sonic auto body parts. Apart from 
this drawback, and the requirement for dou- 
ble the number of molds and a press, the 
matched mold process cannot easily accom- 
mixlate the local increases in thickness that 
occur at overlaps between individually tai- 
lored pieces of reinforcement. Accordingly, 
such goods usually involve sheet molding 
compound (SMC) or pre-forms (see Chapter 
9). whose inferior mechanical properties fre- 
quently offset the potential advantage of the 
higher molding pressures. 

Vacuum Bagging 

A comparatively simple way to increase 
the pressure on the laminate during the cure 
cycle, without accepting the shape limita- 
tions and cost of matched molds, is to fit the 
entire assembly of laminate and mold into a 
flexible bag, then to suck all the air out of 




the bag with a vacuum pump. This exposes 
the outer surfaces to atmospheric pressure — 
a bit less than 15 psi, W^hile the amount of 
pressure is rruxlest, properly made vacuum- 
bagged goods will show^ belter strength and 
stiffness than contact moldings, for the same 
weight. As an added bonus, the inside sur- 
face of the laminate — the one in contact 
with the bag — ends up with a smoother tex- 
ture than with contact molding. 

Tw'o points are w^orth noting. First, it is not 
actually necessary for the bag to completely 
surround the mold— tinly the laminate sur- 
face needs to be covered, with the flexible 
bag secured to flanges at the edges of the 
mold surface. Of course, the nioid itself 
must be air-tight. This is not a problem with 
FRP or metal molds, but it can he if the mold 
is plaster, w^ood, or another porous maleriak 
Second, either way, the forces on the mold 
are balanced, so it does not need to be any 
more siurdily constructed than a mold for 
contact lamination. Indeed, it is often practi- 
cal to convert a contact lay-up process to 
vacuum bagging, provided that the mold has 
been built with a sufficiently w^ide flange 
around all its edges. 

Bag Material— Tht requirements for the 
bag material arc few in number, but suin- 
gent. It must resist attack by the resin system 
used: it must not interfere with the cure; it 
must tolerate the temperatures experienced 



Though thit bag matoHal Is 
daimad to be edf-ualiag. 
wortten at AerudinB 
CtHtipoBUoft taka oo 
ohaocoa; note uae of iedlitg 
tape, Photo by Jack 
Olpdback. 
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for multiple jobs* or Insur' 
once agjiJiiit iKimp fatluiOt 
Aerodlne Composites shop 
has several electrically dri- 
ven vacuum pumpi. Here 
are two of them. Note aound 
absorbing material In thia 
compreseor/pump closet. 
Photo by Jack GJadback. 



Vacuum Devices 

The suction can be provided by a purpose- 
built commerciii] vacuum pump but, again, 
there arc homemade substitutes. With a little 
modification, almost any air compressor can 
he u.scd as a vacuum pump, and them arc 
also stories of people using a vacuum clean- 
er for (his purpose. (Without adequate air- 
flow through it. though, the motor is bound 
to overheat.) Tliough it will not develop the 
same amount of vacuum as ela'trically dri- 
ven pumps, there is an ingeniously simple 
device available from Gougeon Brothers 



Inc. that uses a combination of the shop 
compressed air system and the venturi prin- 
ciple to turn "blow" into “suck.” And I once 
discovered the woiid's cheapest vacuum 
pump — another venluri-likc device bought 
at the local hardware store for about two 
bucks that was intended to be hooked up to 
a running water tap to siphon water out of an 
old wringer-type washing machine. It 
worked, after a fashion, (hough its 
effectiveness was limited. The worst 
problem wus that it quit working altogether 
when anyone in the building flushed a 
toilet! 




ln£enkMJ« vKUum pump 
laing %hop CDmprnHd air 
and venturi principle (Mack 
ofalect In center) la part ol 
aisoitment of vacuum bag- 
ging supplies available from 
Gougeon Brotlien. Pfieto 
courteey (Gougeon Brothert 
Inc. 
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Wlinlmufn resin contenl of proi}re£ means less resin flows Into bleeder ply. Note lew 
and unall poHta dots on this pre-preg laminate Just removHf from autoclave. Guy 
Levesque photo courtesy deNavllland Inc. 



menu m which the fibers are packed closely 
side*by-side. The dose packing and the uni- 
directional alignment of the fibers yields the 
greatest strength and stiffness possible. 
Where multi-axial properties are needed, 
successive layers of pre-preg can be applied 
at an angle to one another. 

Although the dryness of commercial B- 
staged epoxy pre-pregs is a virtue, it also 
means ihai there is no suq^lus resin to help 
glue adjoining layers together. To ensure 
that multiple layers act together as an inte' 
grated laminate, vacuum bagging or auto- 
claving is essential. Depending on the resin 





Simple, h&nd-crsnked fabric 
Impregnatof from Qougeon 
Bj-othare, Photo courtesy 
Ooiigeon Brnlliers loc. 



formulation used in the pre-prcg, there may 
or may not be sufTiciem adhesive strength to 
ensure a satisfactory bond to the next layer, 
if not. a layer of film adhesive has to be 
interposed between plies. As mentioned, the 
very nature of B-staged pre-pregs also 
means that an elevated temperature cure is 
required, so an oven (or cobbled-up equiva- 
lent) or a healed mold are also essential for 
their use. 

Fabri< Imprognator 

There is also a mcthcxl of working that 
involves something like a homemade pre- 
preg, using a machine called a fabric 
irtfpfVf*naton This apparatus mechanically 
draws woven or unidireclional goods 
through a bath of resin and then passes it 
through a set of pinch rollers, yielding more 
uniform resin distribution and a higher rein- 
forcement-to-resin ratio than is usually pos- 
sible with hand work, Al the same time, 
labor is reduced. Virtuaily any liquid resin 
system can be used in this process, but 
unless the material is going to be used 
almost immediately it is obviously an 
advantage if the resin cither cures very slow- 
ly at room temperature or can have its cure 
postponed in some way. Epoxy based sys- 
tems which can be arrested at the B-stage 
are well suited to this technique, and this is. 
in fact the w'ay commercial pre-pregs are 
made. There is also the possibility of using 
ultra-violet curing polyester or vinylester 
resins. If the dipping were done under a 
■*safe’" light, the impregnated fabric could be 
re-w'ound onto a roll, using a sheet of poly- 
ethylene to prevent layers from sticking 
together* and would store indefinitely until 
exposed to UV light, such as by being token 
outdoors. The cost of fabric impregnating 
equipment generally limits iLs use to those 
w ho either need large quantities of material 
or who are working with weight and 
strength-critical goods, or both, Pre-pregs 
can also be produced by ftlamem mmling, 
as mentioned in the next chapter ■ 



88 



Copyrighted materia! 






F RP materials are used in a tremen- 
dous number of pitnluets, ranging 
from cvco'day household iieins lo 
those for the niilitar>\ Obviously* when deal- 
ing with numbers in the thousands, hand 
lay-up techniques arc impractical. What fol- 
lows is an overview of the techniques used 
by industry' to mass produce FRP panlucts. 

SPRAY UP 

Much of industrial FRP prtxluction is by 
the spray up process — a technique which is 
economical but w'hich prcKluccs relatively 
weak and heavy parts. In this priK'ess, a con- 
tinuous strand of fibix)us glass looking rather 



like heavy tw'ine is drawn fmm a supply red 
into an air-ptvwered chopper mechanism 
attached to a spray gun. There* it is cut up 
into short lengths (3/4 to 2 inch) and carried 
onto the surface of the mold, together w ith 
the liquid resin issuing from the gun. 

Drawbacks 

Continuous rosing is the least expensive 
form of reinforcement* and a chopper gun is 
capable of laying dowm material very rapid- 
ly, so spray up is an economical method of 
production. Against this must be counted 
some significant draw'backs, however From 
an economic standpt)ini* we must first dis- 
count a little of the apparent labor saving. 



Producing a truck cap by 
sptay up of fiber and 
pofyaater re»4n, Pbdta cnui^ 
tesy PRP Supply Division* 
Ashland Chemical Co. 
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Chopper guit Leys down meterlet fast. Qun operator can keep two other wodcers 
occupied in rolling out the lamJruite. Photo ccNjrtesy Composltesi Fabricators 
JUeocJatlon 



since ihe process leaves a poorly conso]idat> 
ed deposit which includes a considerable 
amount of cnlrained air so rather more time 
and cITort than usual has to be spent in work- 
ing over the surface with a ribbed roller, to 
compact it and lo drive out the air. Also, 
since the chopper gun can lay down materi- 
al far faster than one man can work over it 
with a roller, there can be problems with 
making good use of manpower — either the 
chopper gun operator must pause frequently 
to allow the individual doing the rolling to 
catch up. in which case he will spend a lot of 
time idle, or else several laminalors have to 
be working simultaneously, while the "trig- 
ger man" moves from one area lo another. 
This last meihtxl will obviously only work if 
the component being made is laige, such a.s 
a boat hull. 

From tlic structural point of view, another 



limitation is the shonness of the chopped 
libers, which limits the strength of the fin- 
ished part. Also, control of the thickness of 
the laminate depends very much on the skill 
of the operator, (To assist the worker in 
applying a unilbnn layer of chop, a fine col- 
ored thread, often red, is incorporated into 
the roving: the distribution of this colored 
tracer across the surface aids in \ isua]i/ing 
thin and thick areas.) Most important, 
though, is the excessive amount of resin 
required in relation to the quantity of gla.ss: 
30-35% reinforcement is typical for sprayed 
up goods. Remember that the strength and 
siiftriess of a part incretises directly with the 
proponion of fibers in the mix. 

In these respects, sprayed up gixxls are 
physically eoinparable to parts made by 
hand lay-up using mat. Lighter, stronger 
parts can be prrxluccd by the wet lay-up 
process, especially if woven doth or other 
continuous strand reinforcement is used. 
Nevertheless, even when w'oven reinforce- 
ment has been chosen for the majority of the 
laminate, it is desirable in have a layer of 
randomly oriented fiber applied betw een the 
gd coat and the first layer of fabric to avoid 
print-through. This cushioning layer can 
ofien be achieved cheaper and fo.ster with a 
quick pass of the chopper gun than by the 
use of mat. Likewise, if woven roving has 
been chosen for the main structure of the 
laminate, it is prudent and customary to 
introduce a coupling layer between succes- 
sive plies of roving, both to provide some 
fibers connecting the two layers and to 
improve the overall reinforcement-to-resin 
ratio by avoiding the resin-rich zone that 
would otherwise exist between the layers of 
roving, on account of their coarse weave. 
Again, chop may be preferable to mat for 
this purpose. 

Car&ori Fiber — While it has been report- 
ed that some people have nm carbon fiber 
reinforcement through a chopper gun, this 
seems a wasteful way to use such an expen- 
sive mulerial. If CFs properties are sought 
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for reasons of strength ami stiffness, then a 
sprayed up laminate is surely not the way to 
maximize its benefits. Aramid llher (DuPont 
"Kevlar") is too tough to chop satisfactorily. 

Pre-Forms 

Another use for a chopper gun is in the 
production of pre-fonns — essentially a cus- 
tom-shaped piece of glass mat. First, wire 
screen is formed into the desired three- 
dimensional shape and secured to a perime- 
ter frame. A powerful fan is then arranged to 
suck air through the screen. Using a chopper 
gun (though dedicated, purpose-built chop- 
per/blow'ers are often used instead), glass 
roving or possibly some other reinforcement 
is chopped and sprayed onto the form, 
together with a small amount of resin-solu- 
ble binder, which temporarily holds the 
fibers in place. As the chopped fibers build 
up on the surface of the screen they locally 
obstruct airflow, thereby increasing the flow 
through unfilled areas. This draws more 
chop to bare areas, thus achieving a reason- 
ably uniform thickness. After a suitable 
interval to allow the binder to dry' (usually 
accelerated by heating), the pie-Comi can be 
stripped from the screen and is ready for use. 

Pre-Form Benejits — As an alternative to 
conventional spray up. pre-fonns offer bel- 
ter control of laminate thickness, plus the 
opportunity to separate the mess and noise 
of the spraying from the laminating opera- 
tion. (While much of FRP work is unplea.s- 
ant. it at least has the merit of being quiet 
work. A chopper gun, though, howls tike a 
siren.) Conversely, for situations where mat 
would otherwise be used, pre-forms elimi- 
nate the need to shape and fit individual 
pieces of mat. and eliminate wasted off-cuts. 
The economic meriLs of pre-forms depend 
on the cost saved by the use of roving versus 
mat. and the reduction or elimination of mat 
tailoring, compared with modest tooling 
requirements (for the screen or screens) and 
the labor involved in making the pie-forms. 
These factors, in turn, depend on the number 




Air-pow»red chopper mechafrlsm ntt8(d)««f to spray gun cuts cootinuoue rovings tnlo 
ahoft lengUts. Chopped strand bsues frofn fiaurel and Intennlngtos with rosJn from 
gun orfflea. Photo courteiy Blnks Manufacturing Co. 




Shortness of chopped 
fitrandi from chopper gun 
llmitt the strength of lami- 
nates produced tn thb way. 
Photo courtesy DOW 
Plastics, 
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surface. For more complex .surfaces of res'o- 
lulion. precise control over both the pattern 
of fiber application and the angle at which it 
is deposited is achieved by regulating the 
traversing motion of the guide head by a 
program on magnetic or punched paper tape, 
or by computer 

Wot or Dry Winding 

The winding can be done dry, with resin 
applied to the continuously forming surface 
of the part, but it is more usual to lead the 
strand or filament through a bath of cat- 
alyzed resin on its way to the guide head. 
Pre-pregged yam and strand are also avail- 
able. The tension in the strand being applied 
to the mandrel also needs to be carefully 
controlled, as this controls the resin-to-liber 
ratio. Too much tension, though, can be os 
bad as too little; tests have shown that the 
tension maintained during winding can 
leave residual stresses in the libers after cur- 
ing, which can significantly affect the 
strength of the finished part. 

Tension vs. Geometry — One problem that 
arises with non-cylindrical shapes is the lim- 
ited number of paths across the surface of 
the part which will not tend to cause the yam 
or filament to slip out of position when it is 
tensioned. Mathematicians describe these as 
geodesic path.s. On the other hand, the lay of 
the reinforcement determines the directional 



strength and stiffness properties of ihe fin- 
ished pan, and the optimum pattern from 
this perspective may not correspond to a 
geodesic path. The amount of tension 
required, then, depends not just on the 
geometry of the part, but also on the wind- 
ing pattern, and whether the winding is done 
dry, wet or, in the case of pre-pregged yam. 
tacky. In making the choice between dry or 
wet winding, particularly in the case of 
glass, another consideration is die extreme 
abrasiveness of glass, wliich rapidly wears 
out the guide pins, rollers, etc., over w hich 
the strands pass, even though hard-chromed, 
ceramic, or ceramic-coated guide eyes and 



courtas]^ Dwerw-Cotnlng. 



FUament winding ^ Jd&]il for 
produetkHi of |>ipe. Photo 
courteay Euionn AdvnrtJsJng 
Group Ino. 
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Sciwfniitk llhatfation of ftlament winding process, IHustratlort courtesy OwenspComing. 



winding is 
done dry^ wet 
or, in the 
case of pre- 
pregged 
yarn, tacky, ” 



pins an: generally used. This abrasion also 
tends to damage the fibers at the surface of 
the strand, weakening the finished product. 
(For this latter tea-son, the radius of any 
nillers over which the yam pa.sses shtnild be 
kept as large as practical; two inches has 
been cited as a minimum,) If the winding is 
done wet. the applied resin serves us a lubri- 
cant. reducing the problem, though not elim- 
inating it. 

The Mandrel 

Another peculiarity of 11 lament winding is 
that, with many shapes, the mandrel will 
obviously end up trapped inside the finished 
winding. In some applications, this is not a 
drawback. In pressure vessels, for example, 
it is often desirable to have some sort of con- 
tinuous. impermeable membrane lining the 
inside, a function provided by the encap.su- 
luted mandrel, often a light metal shell. On 
the other hand, there arc applications where 
the trapped mandrel is simply a necessary 
evil, in which case the specificatiun of its 
wall thickness is a balancing act between 



excessive weight, on the one hand, and the 
risk of crushing the hollow former during 
the wind-up or from shrinkage of the part 
during the cure. (In one application involv- 
ing winding over a very thin stainless steel 
shell, it was found necessary to pressurize 
the inside of the former throughout the cure, 
to prevent its buckling inwiud due to shrink- 
age.) Alternatively, a collapsible multi-piece 
mandrel can bo used, w'hich is dismantled 
and removed in sections after the winding 
has cured. 

Of course, there are many cases where an 
open-ended product is desired, and the wrap 
of the winding o\er the ends of the mandrel 
simply assists in establishing and maintain- 
ing the desired pattern of reinforcement in 
the sides until the assembly cures. In these 
cases, the ends can be cut otT after the resin 
has cured, liberating the mandrel. 

Winding Patterns 

A variety of winding patterns arc possible. 
If the guide head moves stow'ly and gradual- 
ly down the length of the part as the mandrel 
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techniques, Ncvenheless. ihc process is suf- 
ficiently simple in principle und its potential 
structural benefiis so clear cut that it is again 
worth thinking about cottage industry varia- 
tions on the theme. At iLs emdest, this might 
amount to arranging a simple motori/cd 
"rotisserie” that slowly rotates the man- 
drd/molding surface, while the neinforce- 
ineni is guided into place by hand. 

PULTRUSIONS 

For the mass pnxiuclion of structural 
shapes such as angles, channels. 'T'-beams, 
etc., bundles of te.sin-saturated Hbcr in the 
font) of continuous filaments or strands are 
pulled through a die having the ctoss sec- 
tional shape of the finished product. Usually 
the die is also heated, which cures the lami- 
nate as it is pnxluced. Virtually any cross 
section, including hollow sections, can be 
produced in this way. Modifications of the 
process even permit the manufacture of 
goods having one or more individual bends, 
or a continuous curve over their length but, 
as might be expected, pultrusions are usual- 
ly sU'aight lengths. 



Punnwior openutian. Photo tesin systems are used, the finished part can 
courtMv imp ^PPh Dlviiioo, autiKlaved. to gain additional structural 

benchLs. Imerestingly, hlamcni winding ha.s 
been used lo custom pRxlucc unidircctional 
pne-pregs: a winding formed using a simple 
ciieumrerentiai putleni is slit tengihwise and 
removed from Ihc mandrel before curing. 

Considering the specialized nature of ibis 
process, there are a surprisingly large num- 
ber of manufaclurers of filameni winding 
machinery. Needless to say, these machines 
are often custom designed for one specific 
application, and are extremely expensive. 
Their cost is justified either by ''cosi-no- 
objccl" aerospace budgets or by the long* 
term returns from rapid and economical pro- 
duciion of targe numbers of identical parts. 
Accordingly, we have included filament 
winding in this chapter on mass-production 



Advantages 

Like other goods made up from uriidirec- 
tional reinforcement, pultrusions possess 
exceptional strength and stiffnc.ss when 
mea.sured along their longitudinal axis, but 
are sorely lacking w hen measured at ninety 
degrees. To improve strength propenics 
across the section, additional reinforcement 
has to be applied at right angles to the long 
direction. This can take the form of tape laid 
by hand or machine or. when the cross sec- 
tion of the pultni.sion forms a dosed surface 
of re\'olution, filament winding can be used 
for this purpose, 

Like filament winding and spray up, pul- 
trusion u.ses raw materials in the lowest cost 
form — continuous strands. Ladder rails, 
fishing rods, golf club shafts, automotive 
anti-intrusion door beams, and ski poles arc 
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jusi a few examples of the wide variety of 
industrial and consumer products made by 
pulUusion. or a ccjmbinalion of pultrusion 
ami fi lament winding. 

SHEET MOLDING COM- 
POUND (SMC) 

While techniques like spray up and tile use 
of pre-forms offer some impmvemetit in 
cost and rate of production over convention- 
al wet lay-up. these processes nevertheless 
remain unacceptably slow and labor inten- 
sive when production quantities reach into 
the thousands. To answer this challenge and, 
above all. to achieve fast tiimamund time for 
the molds, a different approach is needed. 

For goods needed in the numbers demand- 
ed by the automobile industry, healed, 
matched metal molds are commonly used, 
together with material suitable for high tem- 
perature processing. To minimize labor and 
ensure consistent, predictable properties, the 
preferred material for such items as station 
wagon tailgates, hoods, fenders and other 
bodywork is sheet molding compound, or 
SMC, which comprises resin, catalyst, rein- 



foircmcni. filters, and an internal mold 
release agent, all combined together in sheet 
form. Tlie raw material i.s set into the healed 
mold cavity, the mold cIo.sed, and within as 
little 0.S 90 seconds the cure has proceeded 
far enough to permit the part to be with- 
dntwn. 



How alieet molidipg com- 
poiimJ (SMC) te made. 
IliuEtratlofi courtesy Owens- 
Corning. 



Compound Components 

The resins used arc generally polyesters, 
combined with a catalyst system (often there 
are multiple catalyst components) that is 
more or less inert at rtxim temperdture. This 
provides an acceptable storage life, hut it 
decomposes rapidly at the molding temper- 
ature of about .100 F. It can be appreciated 
that, to facilitate the flowing of the material 
within the mold, the reinforcing fibers have 
to be comparatively short — about one inch. 
At the same time, a substanlial quantity of 
fillers and other additives are included in 
SMC to control shrinkage and to produce a 
smooth surface finish that needs little or no 
preparation prior to painting. 

Low Pn)Jile SMC — Apart from the same 
kind of inert materials like talc and calcium 
carbonate that are sometimes used as fillers 



97 

Copyrightad m rial 



MASS-PRODUCnON nCHNtQUCS 



^"The two 
factors of 
short fiber 
length and a 
low fiber 
fraction 
mean that 
SMC goods 
are struc- 
turally infe- 
rior to prop- 
erly executed 
wet lay-ups, 
especially if 
the latter are 
based on 
woven rein- 
forcement. 



in RTC polycsKrs* SMC fomiulaiions usu- 
ally include a hefty portion of u thermoplas- 
tic such as polyethylene, in finely divided 
fomi. The thennoplastic becomes fluid at 
molding tempeniture then solidifies on cool- 
ing, contributing substantially to surface 
smoothness and to the reduction of distor* 
tion caused by shrinkage around abrupt 
changes in section thickness. Sheet molding 
compound having these properties is 
referred lo as "low profile SMC/^ 

Pros & Cons 

The two factors of short fiber length and a 
low fiber fraction mean that SMC goods are 
structurally inferior to properly executed 
w^e! lay-ups, especially if the latter are based 
on woven rcinforcemenL Nevertheless, the 
light weight, dent resistance, and immunity 
to corrosion of FRP panels makes them an 
allniciive alternative to metal body parts. Al 
the same time, the comparatively low cost of 
the molds (at least when compared lo the 
numerous stamping dies needed to progres- 
sively font) ntetui parts j means that styling 
changes can be undertaken quickly and at 
much lower cost. 

For these reasons the use of SMC is 
expanding rapidly in the automotive field, 
and the material is constantly being 
improved. Recently, for instance. SMC has 
been dexeloped that contains up lo 60%- 
chopped glass fiber by weight, compared 
w ith the 30-35% figure of earlier formula- 
tions, and SMC based on continuous roving 
is also available now. This last type, w hich is 
really a form of pre-preg (see above), 
understandably lacks a surface finish 
suitable for exterior body panels, but its 
structural propenies permit its use ft>r such 
secondar)' structural applications as bumper 
beams. 

It is worth noting that most manufacturers 
experience difficulty in adapting parts 
designed around wet lay-up to production in 
SMC, Partly this may be because of the 
comixirative structural inferiority of SMC, 



but mostly it seems to be just a mailer of a 
thousand and one unanticipated details. The 
Chevrolet Con^etle, for example, was origi- 
nally produced entirely by w^ei lay-up. As 
production numbers for this car grew, an 
attempt w^as made to gradually replace w^et 
lay-up pUTt-s with those made from SMC. 
Eventually, the entire body was redesigned, 
and that styling change used as an opportu- 
nity to refine those ta^ublesome details, per- 
mitting production of the entire body In 
SMC 

RESIN INJECTION 

Increasingly stringent environmental and 
health regulations are having dramatic 
effects on the FRP industry. Reductions in 
the pennissible levels of volatile organic 
hydrocarbon (VOH) emissions, for instance, 
has led to the introduction of polyesters with 
reduced styrene content, and a seareh for 
alternatives lo styrene monomer (see 
Chapter 3), Another approach is to use a 
closed mold process— one in which the cat- 
alyzed resin is piped into the spiice between 
matched male and female molds, thus mini- 
mizing contact of the resin w ith the atmos- 
phere. 

In the usual airangemem. dr>' reinforce- 
ment — often as a pre-form— is set into the 
mold, the mold then dosed, and the resin 
intnxluced at the bottom and forced through 
the reinforcement. Displaced air is vented 
ihmugh one or more ports at the top. As can 
be imagined, there is a tendency for the resin 
flow^ to displace the reinforcement. An 
improvement on this resin mjecthn molding 
(RIM) that helps deal with this problem, and 
also speeds up the w hide process, is to apply 
a vacuum to the mold once il is dosed with 
the reinforeement in place. This vaamm 
asshied frsin injedion ( WRI) helps hold 
the reinforcement in place, increases the 
speed of the upw ard flow of the resin and 
reduces entrapped air. ■ 
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W hile ihere are a handful of 
''moldless'' techniques for 
forming FRP goods, as dis- 
cussed at ihe end of this chapter, by far the 
most common methixl is to use a mold, If 
one does not exist, it will have to be made. 
The mold might be made from any of sever^ 
al materials, including wckkI, plaster and 
metal. The only real requirements are that 
the mold should have the desired shape, be 
stifl'and hard enough to keep that shape, and 
have a slick, glossy surface that docs not 
affect the cure of the resin system used and 
is itself unaffected by the resin. 



METAL MOLDS 



Metal molds have a very long life and can 
be used with high-temperature and/or high- 
pressure curing systems and so urc frequent- 
ly used in mass-production operations. 
However, apart from the use of an existing 
meia) part such as a fender or other body 
panel as a pattern, metal molds are far 
beyond the budget of the small specialty 
shop, and beyond the scope of this btxtk. 

WOOD MOLDS 

For small objccLs with a simple shape. 



Metal molds are eKtremely 
sturdy and long^ivedp but 
extremety expensive. Tills 
mold for a section cl the 
wtn£ leading edge of the 
deHavilland Dash B alfcraft 
Is made from electmdeposit' 
ed nfokel. Quy Levesque 
photo courtesy deHavfliarKf 
Inc. 





MOLDS 




Large flat areas are best 
Bvotdetf in FRP constractlcHi. 
becMM such shapes lack 
the Inherent stiffness of 
curved panels. Photo by Jack 
GLadbech. 



Perhaps the 
greatest 
drawback to 
plaster is the 
difflcttlty of 
repairing or 
re-working 
the surface. ” 



wcKxi can sometimes make a suitable mold 
materiuk especially for a male nidd. Clear, 
stniighl-grained hardwixxl should be used, 
and preferabl)' laminated rather than curved 
from one big chunk* to roduce warping. The 
laiiiinalLons and the grain should preferably 
run in the direction the part will be pulled 
from the mold, though this is not always 
practical. The sealing of the wood surface is 
obviously critical- Shellac, lacquer and ure- 
thane painis, and certain epoxy varnishes 
work well, bui experiments should be made 
to ensure that the surface finish is compati- 
ble with the resin system. About the worst 
pn;>blem with wxhkI is its tendency to change 
— especially across the grain— with 
changes in its inoisiure content. This prob- 
lem can be reduced, though not eliminated, 
by the use of kiln dried wood and by ensur- 
ing that all surfaces of the wood are scaled, 

PLASTER 

Plaster is annther material worth consider- 
ing. Like FRP. but unlike wood or metal, 
plaster can it.self be molded, and it has the 
further advantages of dimensional stability 
and absurdly low cost. It will faithfully cap- 



ture fine detail from the master pattern it is 
foniied in or on. and harden to form a sur- 
prisingly sturdy woricing surface. As with 
wood, the surface must be sealed before use. 
Lacquer (cellulose acetate) is know'n to 
work reliably; certain other, mure modem 
coalings such as urethane and epoxy paints 
ore more durable, but some may be ineom- 
patiblc with the resin. Again, conduct trials 
to be sure. Note, too, that the back of the 
plaster should be coated with whatever is 
used as a sealer, to avoid the possibility of 
water entering. 

Plaster Problems 

The substantial weight of plaster can be an 
advantage u'ilh small molds — they will be 
less prone to moving around while you are 
working than molds made from tighter 
weight materials. As the size of the mold 
increases, though, that same heft — especial- 
ly combined with the weak and brittle nature 
of plaster — rapidly becomes a drawback. 
Another problem with plaster is ensuring 
that there are no air bubbles trapped at the 
mold .surface: this i.s mostly a matter of tech- 
nique. though, and can be beaten with prac- 
tice (.see Plaster Transfer Molding, p. 105). 

Grinding or sanding plaster produces 
clouds of very fine dust that goes every- 
whcie and seems to linger forever: fresh 
material added to old plaster will invariably 
differ in hardness when dried, making it 
nearly impossible in sand a smooth Junction. 
For htMh these reasons, by far the best use of 
plaster that I have found is for producing 
intermediate patterns and shapes by a 
process 1 call transfer molding, as described 
later in this chapter. 

FRP MOLDS 

While all these materials have their uses, 
the vast majority of molds made and used by 
small-scale FRP fabricators are themselves 
made of FRP, and it is in many respects an 
ideal material for the job. First, it is mold’ 
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able — it doesn't have to be beaten or whit- 
tled to shape; second a well finished gel 
coat surface is about as slick anti glossy as 
you can get* short of chrome plated metal: 
thirds the light w-eight of the material makes 
even large molds manageable; finally, the 
materials and equipment are familiar and 
available. 

Designing FRP Molds 

The actual manufacture of an FRP mold is 
performed in basically the same w'ay as sub- 
sequent parts are made in that mold, as 
described in Chapter 7, though there arc 
enough ditTerences to justify a detailed 
description of the entire process, which is 
pitn^ided in the next chapter Whatever the 
mold material, how'cver, there are a number 
of design issues to be considered before con- 
struction starts. First is the shape of the 
object, both overall and in detail. In most 
cases, the overall form of the part will be set 
by functional requirements, but the charac- 
teristics of the material have to be consid- 
ered* too. 

Curves — FRP works best at producing 
smooth, "streamlined ' shapes, having cur- 
vature in all ihree dimensions. Apart from 
the fact that these eye-pleasing shapes are 
easier to produce in FRP than in most other 
materials, the curvature adds sdflFness to 
both the pan and the mold. Another reason 
to avoid flat areas is that they wilt invariably 
lend to warp, forming a curl with the gd 
coal side inw^ard, (While both the gel coat 
and the laminate shrink slightly on curing, 
the reinfoicement in the laminate "fights'’ 
the shrinkage more than the unreinforced gel 
coat: it is the dilTerence in the amount of 
shrinkage that causes the curl. A fiat mold, in 
other words, will not produce a flat part.) 
When designing in stiffness in this way, 
how'ever, beware of rc-entrant curves — ones 
that turn back on themselves. These will 
require a split mold, to altow' the part to be 
removed. We will have more comments 
about split molds later, for now it is suffi- 





cient to say that white it is better to use split 
molds than to produce an inetTicieni or ugly 
product, it is foolish to have more split lines 
than necessary^. 

Comers — As to detail shape, the most 
important thing to a^'oid is sharp comers, 
especially inside comers. ba:ause of the dif- 
ficuliy of getting the reinforcing fibers to 
confonn to such tight contours; as a rule of 
thumb, 1/4 inch radius should be regarded as 
the bare minimum. Remember that w^hat is 
an inside comer in a female mold becomes 
an outside comer on the part* and sharp out- 
side comers are places where the gel coal is 
easily damaged. Bcw'arc, too, of niggling lii- 



Wtierc functkHial require- 
ments (temaml a flat surtaca, 
stiffness can b« restored 
through the um of samlwtoh 
oenstructkin. Here honey- 
cwnh llUer ts applied by 
Aerodine Composites workeis 
to make the undartray far an 
IMSA W5C car. Photo by jBch 
Gladback. 
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SKarp DDnmm are also best 
avokM in FRP* Smiwtinies It 
b easiest to produce a piii£ 
witli "square” comers, then 
form a radius before mold 
making using a fillet of wax 
Of modellrig clay- Photo by 
Jack Gladback. 



Thb Js the console on the 
top half of a split boat mokf. 
Note the combined use of 
wood and FHP to produce 
nice rounded curves. Photo 
by Mkbael Lutfy. 



tie Jelails, While it is possible, for example, 
to produce louvers in FRP, it is definitely not 
practical to mold their holes: these will all 
have to he cut out b> hand later. 

Mole or Female? 

The second decision is the choice between 
male and female molds. The surface of the 
finished product that contacts the mold will 
have a glossy surface, while the back face 
will be rough. m> for goods where visual 
appearance is important, the surface that is 
exposed determines w'hich way it must be 
molded. Thus, u bathtub would bo formed 
over a mate mold, while a canoe would be 




made in a female mold. 

"The Wrong Way Around" 

For a quick-and-dirty one-off project, it 
may be practical to work "the wrong way 
around." then to grind and fill the nmgh sur- 
face to acceplahle cosmetic standards. For 
example, you could make a replica of a car 
hood by simply molding directly off the 
hood; the copy would be larger than the 
original by the thickness of the material, and 
the "shiny side" w'ould be "in." requiring 
that the visible surface be filled and 
smoothed, but that still might be quicker and 
cheaper than first making a femaJe mold off 
the hiKxf, then foniiing a replica h(x>d in that 
mold. Then again, maybe not; the "smooth- 
ing" takes a lot of lime if it is to come any- 
where dose to professional standards. If 
appearance is not critical, then the choice 
can be based purely on convenience. 

Consideraiions — ^Therc arc two points to 
note in this connection. First, the slight resin 
shrinkage that occurs on curing will cause a 
pan to contract onto a male mold, making 
removal more difficult, while a female 
molded pan wilt tend to shrink au'ay fnim 
the mold. On the other hand, there is a limit 
to how small a cavity you can work in. so it 
is possible to produce smaller objects over a 
male mold than can be made in a female 
one — a small, deep battery box is a good 
example. The second point to keep in mind 
is that it is generally much more pructicul to 
pHKluce a mold-quality surface finish on a 
male shape than on a female one — it is obvi- 
ously exsier to sand or paint the out.side of a 
box than the inside. If a male mold will be 
needed, like our battery box example, it 
would ordinarily he produced in turn from a 
female mxsler. That female master will 
requinc a fine finish on its interior, and that 
would be very tough to achieve, working 
from scratch, In such cases, it may make 
sense to produce a male mxster, use it to 
make an intermediaie female piece, then to 
use that female intermediate to produce the 
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Race car body parts such as these wiM need irutftl-plece mokis, Ptwto by Michael Lutfy. 



"'While there 
are draw- 
backs to split 
molds, the 
situation is 
not as grim 
as is some- 
times sug- 
gested. ” 



under edges of some son where the panels 
attach to the sunictuie, and these form re- 
entrant curves that will lock the parts into 
the mold unless the mold is split. To permit 
aligning and securing adjacent mold scc' 
tions, it is customary' to provide them with 
bolt-together flanges at right angles to the 
working surface. In the case of the simple, 
flat inward projections, or rcnims, needed 
for mounting flanges, as mentioned above, 
the extra mold section cun simply be a piece 
of flat stock that bolls to the llangcs on the 
main ptin of the mold. (For detail on how to 
deal with the sharp corner created by 
mounting flanges formed in this way. see 
Chapter ll.) 

Drawbacks — While there are drawbacks 
to split molds, the situation is not as grim as 
is sometimes suggested. The complications 
include a vtsible^fi.r/i line on the out.side of 
the finished part, the problem of ensuring 
exact registration of muting sections, and the 
labor involved in assembling and disman- 
tling the mold every time it is used. Against 
this inconvenience can be counted vastly 



greater freedom with respect to shape, and 
the reduced consequences of screwing up 
during the mold making — repairing the 
original pattern and starting over again is 
much less daunting if only one of, say, half 
a dozen mold pieces is junk, than if the 
entire project is scrap. 

Flash IJnes — The fla.sh line problem can 
be minimized by masking the flanges of the 
mating mold sections, as described in 
Chapter 4; by making the flanges stiff 
enough to uniformly distribute the clamping 
load of the fasteners holding the two sec- 
tions together, so they aren't just pinched at 
discreet points while a gap is allowed to 
open up betw'cen bolts; and by ensuring that 
the flanges are either both truly flat or else 
are exact minror images of each other. (This 
la.st is pretty much automatic if each mold 
section is formed with the previous .section 
still in place on the plug.) 

Registration — As to the registration prob- 
lem, for products to be produced by hand 
lay-up in small quantities the usual way to 
clamp two mold .sections together is by 
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means of nuts and bolts. Alter a white, the 
holes in the mold flanges become worn and 
sloppy. This problem can be dealt with by 
metal inserts at the fastener points— ordi- 
nary drill bushings, available at any 
machine-.shop supply house, are just the 
ticket. To help ensure that there is no step in 
the mold at the seam, and thus in the surface 
of the finished part, any final llnish sanding 
and polishing of the mold in the area of the 
joint line must be done with the adjacent 
sections assembled together, no matter how 
diflicult (his may be. ( But see Chapter 1 1 
regarding this business of sanding a mold 
surface.) 

Labor Intensive — There remains the 
labor issue. The wrench-twirling gets really 
exhausting and time-consuming with large, 
complex molds with many sections and long 
joint lines, especially after the fasteners get 
at) dogged up with resin and fibers. 

Above all, of course, you have to be able 
to gel (he part out of the mold, but just how 
many split lines there w ill be, where they are 
to he ](x;atcd. and how to model the flanges 
will require some careful thought and plan- 
ning. This should he v^ orked out thoroughly 
even before you start making the plug. 
Wherever possible, the seams should be hid- 
den. or made to coincide with a natural fea- 



ture of the part — ^a decorative trim line, for 
instance. We will deal with the practical 
details of FRP mold making in Chapter II. 



^*There 
remains the 



PLASTER TRANSFER MOLD- labor issue. 
ING 



It is frequently necessary to make one or 
more intermediate moldings when working 
toward a pnxluclion mtild or even a one-off 
product. For insuince. if you are able to 
obtain a shape which is dose to your needs, 
it is sometimes more practical to reproduce 
that shape in plaster, rather than to mold off 
the original. This may be because the shape, 
while close to (he desired contour, neverthe- 
less needs some modifleution. If the original 
is highly valuable or borrowed, or both, it 
obviously should not be mes.sed with. Or the 
materia) from which it is made (or at lea.st its 
surface) may be such that it cannot safely be 
exposed to polyester — ^a piece of bodywork 
wiili a fresh ettamd paint job, for example. 
.Sometimes it is simply more convenient 
and/or faster and/or cheaper to do it this 
way. 

'Ihcre are some drawbacks to plaster noted 
in Chapter 12. However, iheditTicullies aris- 
ing Irom variations in the hardness ol‘ the 
surface are e-sseniially eliminated hy the 




F1b9Ii lines and part rcglstru- 
tion are of tba dnrw- 
backs encoiintorsft wKh 
multHsiece molds. Photo 
Mlchaol Urtfy. 
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Even sliaped parts 

sometimes need a split 
mold. The "joggle'' in these 
Indycar body panels required 
for a flush nt Hftth adjacent 
bodywori( are fotmed t»y the 
base mold piece visible on 
the left, Photo by Jack 
Gladback. 



“Fr>r our 

purposes^ 

something 

called 

Hydrocal 

B’U is top 

notch. 



'une^shoi” molding technique described 
below. Besides, this is u luoldhi^ process — 
the basic surface should be detined by the 
original part to be copied, and shouldn't 
need extensive rc^vorking. If you are going 
to cane a completely new shape from the 
plaster dupe, you should probably consider 
starting tmm scratch with a more manage- 
able plug material. 

Procedure 

Siurt by cleaning the uriginal tltoruughly, 
then apply a ctiat nf pctmiciim jelly us a 
parting agent; it can he rubbed on with your 
fingers. You .shouldn't leave great gobs of 
the stuff on the surface: on the other hand, it 
should be thoroughly covered. (I have long 
been intrigued by (he posslbllily of using 
PAM*'* — a vegetable oil in a spray can used 
in non-stick fry pans — as a release medium 
for plaster, but I never had the ners'c to actu- 
ally try it!) 

Plaster Material— There is a wide variety 
of plasters available: some harden quickly, 
st>me slowly; when dry, some have very 
hard, almost stone-like surfaces which sand 
relatisely cleanly; others are quite soft and 
chalky. For our purposes, something called 
Hydrocal B- 1 1 is top notch. It sets to a 
Slone-hard surface, and though il costs a lit- 



tle more than regular Plaster of Paris, il is 
stilt ridiculously cheap. Many craft and art 
supply houses carry Hydrocal. as do some 
building supply outfits; if you can't find it, 
any old plaster will do. 

Mixing — Now, mix up a batch of piaster. 
Fill a container of suitable size (say a small 
plastic pail) about 1/2 to full of just luke- 

warm water, and start sifting the plaster into 
the water. Ju.st dip into the bag, grub u hand- 
ful, and sift il through your fingers into the 
water. (You should apply a barrier cream to 
your hands before doing this — plaster dries 
out your skin terribly.) As you keep adding 
plaster, you will notice that it sinlcs out of 
sight but, pretty soon, "mountains'' of plaster 
begin to persist above the "lake" of water. 
Assuming die container is about as high as it 
is wide, you've got the right amount of plas- 
ter when the area of the mountains and lakes 
ore about equal. Do not stir this mixture; just 
let it sit for a very feu' minutes, then stir just 
once or twice, and immediately begin 
splashing the piaster onto the working sur- 
face. 

The Technique — It takes a bit of practice 
to master this technique, but it consists 
mainly of grabbing a handful of the '’mud" 
(which should be left to thicken until it 
forms a loose glop, so it's ju.st barely capable 



106 



Copyrighted matoria! 





/OOiBS 



of being held in the hiind). then flicking it 
onto the surface with an underhand/back- 
hand motion, a bit like tossing a Frisbee. 
Pan of the trick is to spread your fingers 
wide at the same instant you flick. With 
practice, it is possible to lay a shell of pla.s- 
ter between 1/4 inch and 1/2 inch thickness 
all over the grea.sed surface. 

Before this first splash has hardened, pie- 
cui scraps of burlap sacking (say post-card 
sized) should he dunked in a fresh hatch of 
plaster and the surplus removed by 
squeegeeing between thumb and forefinger. 
These wetted scraps are shingled all over the 
surface, then more plaster slopped on and 
roughly le\'eled out with hand and/or trowel. 
The idea is to get a shell which is no thicker 
than nece.s.sary, to avoid excessive weight, 
shrinkage and distortion. This takes some 
practice. Before the plaster is completely 
set. edges can be cleaned up with an a.ssim- 
ment of tools. 

Suiface Finishing — Quite quickly, the 
plaster will begin to harden and get cool; 
once it cools, the mold is ready for removal. 
Now you can repeat die whole process to 
come up with a plaster duplicate of the orig- 
inal part. Unless you are an Olympic class 
plaster-splasher, however, you will discover 
an assortment of flaws in the surface of your 
intennediale plaster mold. Chief among 
these are little craters formed by air bubbles 
trapped against the original surface (that's 
part of why the "hurling" technique is 
important), and rills and laps, where the first 
splash of plaster ran down the surface before 
getting hit with the next. If these craters arc 
bigger than, say, a pencil eraser, mix up a lit- 
tle extra plaster and fill them in. but do not 
raise a bump on the surface — a little low' is 
better than too high. If they’re really tiny, 
don't worry about ’em. just smear a little 
more petroleum jelly onto the surface, mak- 
ing sure the bubble craters are filled in. 
Don't overdo the grease job. though — ^you 
don't want too much petroleum jelly trans- 
ferred onto the dupe pan, as you're going to 



want to paint it eventually. Follow the above 
directions about technique, and you will 
soon have a duplicate original with a uni- 
fornity hard surface, workable within the 
limits of plaster, albeit with a number of 
ridges and bumps. The surface will also 
have a residue of parting agent on it. Wipe 
off the grease with a paper towel as best you 
can. finishing off with just a little acetone or 
lacquer thinner, then give it a day or two to 
harden up. After that, hand sanding with 
about 1 20 grit garnet paper w ill get rid of the 
bumps and ridges, the remaining petroleum 
jelly, and shallow bubble craters. You’ll dog 
up quite a bit of sand-paper at this stage, hut 
the work should go pretty quickly. 

If you have modifications in mind that 
requite removal of material, you cun hack 
and scrape away at the piaster surface with 
any of the usual plaster working tools. If you 
want CO add material, then by all means 
work with polyester auiir-body filler. You 
shouldn't just slobber filler onto tlic raw' 
plaster surface, how'cver; first roughen up 
the area where you intend to fill, so as to 
provide a substantial key for the subsequent 
filling. Then spray on several coals of 
primer, first making certain Chul you've vac- 
uumed all the sanding dust off the surface 
and have w iped it over with a tack doth. It's 
wise to also cover the "back” side of the 
plaster with primer, as you're eventually 
going In w ind up wet-sanding, and you need 
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to SN'oid accidcnially soaking the piiLster 
with water. Once the primer is on and light- 
ly sanded or hnwn-hiiifged (see Chapter 
]2). you can start working free-hand with 
filler, ntaking sure you squeeze it well down 
into the previously roughened surface. At 
this point you can also use spot-putty to fill 
the remaining rills and bubble craters. From 
here on. the pn>ccdure is exactly the same as 
described for finishing the surface of a 
plug — see Chapter 12. 

FLEXIBLE MOLD-MAKING 
MATERIALS 

There are a lew situations which call for a 
flexible material. One, obviously, is when 
you're trying to produce a flexible molded 
part. Another is when a small, complex 
part — normally requiring a split mold — has 
to be molded in one piece, without any flash 
line, Finally, you may want to produce a 
shape which would be a helluva lot simpler 
to make if only you could produce a .straight 
one first, and then somehow bend it. For 
example, some pretty intricate shapes can be 
milled into a piece of wood, molded using a 
flexible material, and then the rubber dupe 
cun ed in one or more planes, from which a 
production mold can subsequently be pro- 
duced. 

Drawbmks 

There are three drawbacks lo flexible 
molding materials; compatibility with the 
resin system later used to make parts in the 
mold, cost, and the need for some sort of 
stiff support to contain the molding surface- 
As to compatibility, note that silicone rubber 
may inhibit the cure of polyesters — some- 
times completely! Beware! Urethane rub- 
bers seem to work fine, but unless treated 
there is someti tries a problem with release, 
so use mold release wax, and experiment 
with small samples before committing your- 
self. 

Co.st can be minimised by using as little 



material as possible, and by recognizing that 
this process is in practice limited to small 
parts. The economical use of material and 
the provision of a rigid support can both be 
achieved by a technique borrowed from an 
casting, called nwtiu'ring. The mother is a 
split plaster shell or flask, in which an eco- 
nomically thin flexible molding suriace is 
contained. In practice, the plaster mother is 
made first, and then liquid rubber poured 
into the space between the mother and the 
sample part, 

Flexible Mold Procedure 

Working from u finished original, the pro- 
cedure is us follows. First, a blanket of mod- 
eling clay, say a quarter inch thick, is 
wrapped over the outside of the original, A 
purling line is identified on the outside of the 
plasticenc, and thin metal shims knifed care- 
fully into the surface, to set up a parting 
flange. Using the splash-coat/burlap rein- 
forcement method detailed above, the plas- 
ter mother can then be produced in two 
halves — one at a tinte. In the day blanketing 
operation, one or more risers have to be pro- 
vided — just extra knobs of day. strategical- 
ly located — so that you will have holes to 
pour the rubber in and vents for air to 
escape. TIte metal flashing w'hich forms the 
parting line should be stripped aw^ay as soon 
as the plaster is set enough to permit, and 
then dents pressed into the exposed flange 
surface (if you get the liming right, you can 
just poke your finger into the soft plaster) so 
that the second half of the mother will have 
corresponding bumps. Tlic bumps and dents 
later provide remarisably accurate indexing 
of the two flask halves. 

Once the two halves of the mother are 
fully hard and ready to u.se. one half of the 
day blanket is stripped away, the job 
reassembled, and the liquid rubber material 
poured through the pre-fonned riser into the 
space previously tx'cupied by the clay. Once 
the rubber is cured, a few keystone shaped 
pieces are cut out of the flanged edge of the 



108 



Copyrighted material 




**0f course, 
for strictly 
one-off con- 
struction it is 
more eco- 
nomical in 
terms of 
materials to 
produce a 
male molding 
over a plaster 
plug, then to 
break the 
plaster out, 
than it is to 
go through 
the whole 
male 

plug/female 
mold/part 
sequence, ” 



simcting ihc plug in the form of a hollow 
box; if it won't hold its shape without help, it 
should be possible to "tack w^eld'* the sepa* 
rate sheets logelher willi just the tiniest dab 
of solvent Finally, it would be irrespcmible 
to use this form of construction for a tank 
intended to hold potable {drinkable) water. 
As ptiimed out in Chapter 6, while fully 
cured epoxy is completely harmless stuff, 
w'ith hand-mixed epoxy it is impossible to 
be certain that there isn't at least a litile 
uncured resin lurking about, and that is 
potentially very nasty indeed if it is ingested- 

While it is probably impractical for an 
individual or a small shop, it is wonh hear- 
ing in mind that the stynene beads that are 
the raw material for the making of (white) 
bead foam are commercially available, and 
that they can be foamed by heating with 
steam. If formed in a split mold, shaped 
blanks could be quickly and cheaply pro- 
duced, for use as cither captive or dissolv- 
able fonners for any number of applications, 
1 once contemplated producing a handful of 
fuel tanks for a particular class of race car, 
using such foam plugs as sacriFicial molds 
for the process described above- 

Piaster — A more common material for the 
prxxluction of such expendable molds, how- 
ever, is plaster. Air ducts of complex shape 
are [nadc for aircraft in this w'ay, the plaster 
being cast to shape in split molds, then bro- 
ken out of the cured FRP molding by simply 
bashing on the outside of the duct with a 
hammer (It helps to incorporate coiled wire 
nr stout cord into the plaster casting, to assist 
in the removal.) 

Of course, for strictly one-off construction 
it is more economical in terms of materials 
to produce a male molding over a plaster 
plug, then to break the piaster out, than it is 
to go through the whole male plug/fcmalc 
mold/part sequence. This way of working 
will usually result in an unsatisfactory final 
result — the problem is the amount of %-ery^ 
nasty grinding and sanding work, plus the 
w-cighi of the filler required, if the "up” sur- 



face is to brought to a satisfaclorj' level of 
finish. Nevertheless, there are situations 
w here it is justified. In those cases, w'hilc the 
male form is usually referred to as a plug, it 
is certainly ased as a mold, so this process of 
male molding over a disposable plug is real- 
ly just another instance of the use of an 
expendable mold. 

The Gossamer Albatross — In the produc- 
tion of the Gossamer Albatross — the man- 
powered aircraft that successfully crossed 
the Straits of Messina — there was a particu* 
larly clever application of a sacrificial mold 
The main wing spar was formed by hand 
laying unidirectional carbon fiber pre-preg 
onto the outside surface of an aluminum 
tube. The lay-up was then spiral wrapped 
with a ribbon of heat shrink plastic, then hot 
oil was piped through the aluminum lube. 
The heat both provided the temperature 
needed for the ETC epoxy resin system to 
cure properly and also caused the shrink 
wTap to contract tightly onto the laminate, 
serving the purpose usually pmvided by a 
vacuum bag and autoclave. Once the lami- 
nate was cured, the aluminum tube was dis^ 
solved out with acid and the shrink wrap 
was peeled off, leaving an exceptionally 
strong, stiff, and light hollow carbon fiber 
tube. Ingenious! 

The Captive Mold 

When it is not necessary to provide a hol- 
low space in the interior, it is of course pos- 
sible to employ the fiberglass-over-foam 
method described above, and jusi leave the 
foam former in place; perhaps the best 
known application of this procedure is in the 
field of home-built kit aircraft. The tech- 
nique involves precisely culling high-densi- 
ty styrene foam to the required shape using 
a hot-wire cutter guided by templates, then 
covering the resulting blanks with a combi- 
nation of bi-directional and unidirectional 
reinforcement saturated with epoxy resin. 
The texture of the fabric weave on the 
exposed outer surface is then filled w'ith a 
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syntactic foam (see Chapter 15) of microbal- 
loons mixed into more epoxy resin, applied 

with a squeegee. 

The resulting skin-foam-skin sandwich 
yields a light yet strong and stiff structure, 
while the all-of-a-pieoe construction and the 
opportunity to produce smooth three dimen- 
sional cun'es produces a more precise and 
more slippery' aerodynamic shape than the 
usual arrangement of aluminum sheets, 
curved in a single plane and riveted togeth- 
er. Yet all of this can be achieved by com- 
plete amateurs with no prior experience, 
having negligible facilities, and using the 
sorts of tools you would find in your kitchen 
drawers. 

Applicatiom — ^This ingenious and elegant 
technique was probably invented by a mem- 
ber of the surfing community; the first appli- 
cation I am aware of was in the production 
of fibergla.ss surfboards, and it is still used 
fur making both them and sailboards. 
However, these more commonly use poly- 
ester resin for its lower cost and easier 
handling characteristics. In that case, of 
course, styrene foam is useless; a urethane 
foam core is commonly used in these 
applications. 

As for its first application to aircraft, if it 
was not pioneered by the briiliant aircraft 
designer Burt Rutan, it was certainly his 
series of VariEze aircraft which popularized 
it. Other kit plane makers have since adopt- 
ed the technique, and it is also used in the 
manufacture of certain Lotus sports cars. 
Lotus at one point considered using inflat- 
able rubber bladders to form the molding 
surface for certain box sections in the com- 
posite chassis-body assembly of that car, but 
that plan was rejected because of concerns 
about the possibility of a punctured bladder. 
A negligible weight penalty was incurred by 
using a captive foam filler instead. 

Another instance of a captive or incorpo- 
rated mold is in the construction of certain 
types of boaLs. A canoe, fur instance, can be 
buill that has the appearance of convention- 



al cedar-strip construction, but which gains 
additional toughness, strength and durability 
by a covering of glass cloth and dear epoxy 
resin over both inside and outside surfaces. 
The cedar strips, with a modified tonguc- 
and-gnx>ve arrangement at their edges, are 
temporarily nailed or stapled to the outside 
of a skeleton armature, each strip being edge 
glued to the next. Once the glue has dried, 
the staples are removed, the surface 
smoothed, and the glass doth and epoxy 
applied. Once it has cured, the assembly is 
removed Ihnn the armature and the inside is 
then covered in the same way. 

And here’s a dandy way to make a battery 
box — 'just envelop the cardboard box the 
ballcry came in with food wrap, to serve as 
a parting agent, then lay up glass fabric and 
resin (polyester will do fine) on the outside 
of that. Once (he laminate has cured, 
the cardboard can be ripped out. Do 
not leave the batteiy' in the box while 
you're doing this, though: when this was 
attempted in my shop, the cardbsiard did 
not crush to accommodate the shrinkage, as 
we had expected, and the result was a 
splendid battery box... and u cracked, 
useless battery! 

Finally there is the use of a captive mold 
in the filament winding process. As noted in 
Chapter 9. filament wound goods with par- 
tially closed end.s require that either the 
mandrel (which serve.s us the form) be made 
in sections so it can be dismantled and 
removed, or else left in place. In one 
instance of the latter, a high perfomiance 
racing bicycle frame is made which employs 
carbon fiber filament wound onto a light 
gauge aluminum tube. While it would be 
possible to dissolve this out, it is actually left 
in place, where it contributes a little to the 
structural performance and may in fact ease 
some of the problems associated with the 
winding pattern (as mentioned in Chapter 9) 
by taking cure of loads that are otT-axis from 
the carbon's point of view. ■ 
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are probably going to be spraying the entire 
working surface, including both the plug 
and the flanges, with PVA (see below). 
FomeCor is widely used by graphics design- 
ers, and is available at suppliers for that 
trade, ft is rather more expensive than 
Masonite, Any of the above materials can be 
tacked in place on the "wrong ' side with a 
hol-glue gun. 

Flange models made from heftier materi- 
als, like melamine board, will need some 
sort of structural support, which may be fas- 
tened either to whatever is holding the plug 
ofl'thc door or else to the surface of the plug 
itself. In this latter case, it is important that 
the points of attachment arc accessible later, 
,so that any resulting damage to the surface 
can be repaired before proceeding whh sub- 
sequent sections of the mold. The ofT-cuLs 
from the material used lo make the plug sta- 
tion templates (see Chapter 12) will often 
prove useful as ready-made brackeis for 
locating and securing these flange patterns. 
(The light weight of FomeCor might allow it 
to be simply stuck onto the surface of the 
plug at a right angle along the marked part 
lines, without the need for any kind of sup- 
port structure beneath.) 

There remains in every case the inevitable 
misfit between the surface of the plug and 
the cut edge of the flange model. Anything 
other than a sharply defined line here will 
exaggerate the subsequent problem of flash 
lines on the finished part, so it is worth going 
10 some pains to ensure a clean junction 
between the plug and the flange pattern. 

Here we can kill two birds with one stone. 
After temporarily jigging the flange materi- 
al in the right position with tape, the gap can 
be filled and the flange secured to the sur- 
face of the plug at the same time by drib- 
bling molten wax into the gap, (Af/cm-rm- 
luUine nut — see below' — ^is better than ordi- 
nary paraffin wax for this purpose.) Once 
this has solidified, any fillet of wax that 
spoils the sharp right angle intersection can 
be carefully cleaned up by hand. A wooden 



coffee stir slick will do, with a sharp work- 
ing edge and comer whittled into it for this 
purpose: even better are the small wooden 
tools used by clay sculptors. These come in 
a wide variety of styles; you will find an 
assortment at art supply stores, 

MexJeling clay, also called piastkene, is 
another candidate materia] for this job: this 
is simply fine day, bound logeiher with an 
oil of some sort. It is certainly easier to work 
than w-ax, and many report success with its 
use, How-ever, there are certainly some com- 
binations of types and brands of resin and 
plasticene that are not happy with each 
other, 1 have seen polyester that remained 
uncured when in contact with modeling 
clay. 

Another possibility is to make the flange 
models entirely out of a slab of wax. There 
is a material used in arts and crafts (you're 
going to become well known at an artists’ 
supply store!) called micn>vfysmUine um, 
which has a more gradual transition from 
solid to liquid than ordinary parafiln (can* 
die) wax, and is also softer when it is hard, 
so it can be shaped more easily. It comes in 
slabs which con be hot uwr/ (see Chapter 5 ) 
to produce rectangular planks which can be 
pieced together end to end and gently 
worked by hand (perhaps with a little judi- 
cious heal from a hair drier) into the required 
potfile. A final quick pass at the contacting 
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edge with ihe hair drier will soften it suffi- 
ciently lo allow the "plank'' to be stuck 
directly on the surface of the plug. One great 
beauty of this slulY is that it will conie clean- 
ly off the surface later, and any residue 
polished away — it is, after all wm. It is a 
tad expensive hut, provided any contamina- 
tion is cleaned oft' ihe surface, it can be rc- 
mehed and re-used indellniidy. An electric 
crock pot serves admirably for storage, re- 
melting and dispensing of the stuff, and any 
son of channel-shaped metal vessel will 
ser\'c *is a mold for casting fresh bricks. 

To PVA or Not? 

Ai ihis point, you have a serious choice to 
make. The cunveniiunal option is lo spray a 
coat of PVA over the entire surface of that 
pari of the plug, including the llangc mod- 
els. which will form the first piece of the 
mold. This provides a valuable back-up to 
the wax and. as long as the film is continu- 
ous and the plug surface is finished lo the 
standard described in the next chapter, it is 
preit>' much guaranteed that you will get a 
serviceable mold off the plug. It may not be 
easy and you may trash the plug, depending 
on what it is made from, but the mold should 
come ofl‘ intact. The drawback to this way of 



proceeding is that the slight orange peel tex- 
ture of the PVA will he captured on the sur- 
face of the mold. 

It is not particularly difl'icult lo restore a 
brilliant smemth gloss to the mold by wet 
sanding, followed by polishing with rubbing 
compound, and this is the way most people 
work most of the lime, but there is a catch; a 
mold surface re-worked in this way is usual- 
ly inferior to an untouched, virgin surface. 
The reason has to do with the way the fillers 
and pigments in gel coat distribute them- 
selves in the sprayed t1lm. At the undis- 
turbed surface, each microscopic granule is 
tuially surrounded with plastic; sanding off 
this surface begins to expose these particles. 
Subsequent polishing with rubbing com- 
pound and glazing material will produce a 
surface that may look flawless to the naked 
eye, but at the microscopic level it is never- 
theless rougher than a pristine sprayed sur- 
face. The consequences are not usually seen 
for some time, but while a virgin mold sur- 
face may be grxnl for the pntduclion of sev- 
eral hundred parts, one re-worked in this 
manner may start to cause grief after, say. a 
few dozen. 

This, then, argues for omitting the PVA 
and working directly on the waxed surface. 
Sadly, that in turn greatly increases the diffi- 
cully of removing the mold from the plug, 
and the probability of damage to the plug, 
which may or may not be a problem. Worse, 
it also greatly increases the risk of a truly 
stuck (i.e. junk) mold. In general, it is prob- 
ably wise to resen'e this technique for dupli- 
cate molds — those made from a tnasicr part 
produced, in turn, from an existing well-sea- 
soned mold, without the use of PVA. 

It is maddening that full advantage cannot 
usually be taken of the immaculate surface 
of the plug the first time around. After all. by 
the time the first pan is made in the mold, 
the shape W'ill have been translated twice — 
once to make the mold, a second lime to 
make the pan. Going through this proces.s 
all over again to make a master part, aird 
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coat and that of the plug surface, to allow 
gauging by eye the thickness of the applied 
coal. A color contrast between the mold and 
subsequent parts is also desirable, for the 
same reason, TItis Ls why most mold gel 
coats are either black or orange. But here's a 
consideration that brings us back to the issue 
of whether or not to use PVA; the material 
used to make black pigment is Imift bfuck. 
alsir called carbon black, and its particles are 
inherently much, much finer than those of 
any colored pigment, no matter how finely 
gmund they may be. Tlius, if you have 
decided to play it safe (and unless you have 
quite u bit of experience at this basiness, you 
certainly shotild— nothing will ruin your 
enthusiasm faster than having to chop up the 
whole shebang w ith an ax after you disco v* 
er your brand-new- mold is permanently 
welded to the plug), then you are committed 
to PVA on the plug, followed by refinishing 
the mold once it is thorotighly aged, A mold 
surlace made from black Kwling gel coat 
can be brought up to a finer micro-finish 
than any other color. (It means, however, 
that making black colored parts in the mold 
will give you headaches.) 

Applying Gel Coat — Now comes the 
scary part — shooting the gel coat. Before 
you start, have an ear to the weather fore- 
cast; if rain is predicted, foi^iet it — you've 
got a day off, Olherw-jse, be sure everything 
you need is at hand, that the shop and all the 
materials arc at 65-75F — preferably at the 
wann end of that range, and set to work. Gel 
into your protective coveralls, ma.sk and 
gloves; gel your spray equipment organized; 
be sure the compressor, all air lines and the 
water trap arc drained; thoroughly mix the 
gel coal and. according to your equipment, 
dispense or mix in the catalyst. You're nut 
quite ready yet to work on the critical sur- 
face. Take a moment to ensure, first, that the 
separate spray ptittems for the resin and the 
catalyst are mixing properly. As noted in 
Chapter 5. you may have to carerully plan 
your progress across the surface, paying par- 



ticular attention to this matter of the conver- 
gence of the resin and catalyst spray pat- 
terns. Refer to that chapter also on the mut- 
ter of catalyst ratio — ^>ou want a cure fast 
enough to minimize contamination of the 
exposed gel coat surface, hut not so fast as to 
cause pin holing, shrinkage, or any other 
grief. In general, it is better to work a little 
slower all round than when making pan.s. 
Do a practice shimt against a piece of scrap 
to confirm uniform catalyst distribution and 
os erall gel lime. Use the minimum air pres- 
sure that will ensure complete atomization 
of the resin spray. E.xcess pressure will cause 
the material to bounce back otT the mold 
surface, creating overspray (material splat- 
tering everywhere), and will tend to cause 
material already deposited onto the .surface 
to be poshed around, making it more diffi- 
cult to achieve a uniform thickne.ss. If all is 
w'ell, face Che plug, take a deep breath... and 
pull the trigger. 

Spray Technique — You should try- to keep 
the spray pattern perpendicular to the sur- 
face; spraying at a large angle will nrake the 
material How- across the surface, w-hich risks 
trapping air bubbles and makes it impossible 
to maintain uniform thickness. While the 
color contrast between white plug (with 
green PVA over it) and black gel coat will 
prove a bixrn in indicating the extent and 
uniformity of coverage, you must not count 
on eyeball judgment alone — ^you must mea- 
sure the thickness of the applied film at var- 
ious points on the surface from time to time. 
You are aiming for a rather thicker coat than 
you would apply for a part: 20-25 mils 
(.020- .025 inch) is about right. The gel coat 
should be sprayed on quite thickly (this is 
not paint), ideally in three or four pa.sses 
with each successive coat at right angles to 
the previous, but again note the cautions in 
Chapter 5 about the matter of the shape of 
the spray patterns. Measure the thickness 
w'ith a gel coat gauge after each pass, and try 
to correct t-ariations in thickness on the next 
pass. Tlien cheek again. 
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and will permit the use of a cominutius 
stripe of rcinfoa^cmcm to form the joim. 
Epoxy is also a beiier adhesive thim poly- 
ester and so will bond better to the cured 
polyester laminate beneath. In either case, if 
the basic shell has thoroughly cured, grind 
all the shine ofl' it in the area of the attach- 
ments, vacuum otT the dust, and give it a 
quick scrub with itcetone before attempting 
to stick anything to ih Be careful with the 
grinding, though — excessive vibration may 
cause prematurc separation of the mold sur- 
face from the plug in places. 

The aU>\ e really only applies if the stiff- 
eners themselves are plywood, or st>mething 
similar If the material is ftxtm, cardboard, 
etc., then once in place, the stiffening ribs 
will have to be covered with a couple of 
extra layers of reinfoa'cment, overlapping at 
least a couple of inches onto the semi-fin- 
ished shell. Of course, if these ribs are made 
from styrene foam* then epoxy musi be 
used. (Actually, even if they are some other 
kind of foam that is unaffected by polyester, 
like urethane, use epoxy anyway; those wide 
bands of reinforcement will likely cause 
trouble with the print-through distortion 
we\e been talking about if ptdyester is 
used.) 

Sandwkh Construction 

An ultcmalive lo local stiffeners is to use 
sandwich construction, ns described in 
Chapter 15, This will eliminate any risk of 
telegraphing the pattern of stiffeners onto 
the working surface of the mold. An inch or 
two of plaster added to the back of an FRP 
mold cun also be used to add stiffness and 
heft, though this technique is now regarded 
as rather old-fashioned. This plasier-on- 
plastic construction was used for the first set 
of pnxluction molds for the 1954 Corvette. 

When fitting stilTening ribs to the mold 
shell, another thing to think about is how 
well they will support the mold when it is 
inverted, as it will have to be when making 
parts. Depending on the size and shape of 



the mold, it may bo convenient to arrange 
for the mold to sit stably in three attitudes — 
fiat on its buck and on either side. That will 
permit working in it later without coitsiuntly 
having to jury-rig some way to hold it where 
you want it. 

Ib'imming 

Apart fntm trimming the edges, you’re 
done. And unlike trimming paas, which is 
often most conveniently done while the 
resin is at the gelled stage, the trimming of 
the mold should probably be left until it is 
fully hard, to avoid any risk of distortion. 
Indeed, if what you have just produced is 
just one part of a multi-piece mold, it is like- 
ly best to leave this first section in place on 
the plug, and lo leave the edges only rough- 
ly trimmed, tor a couple of reasons. Rrsi. 
any damage which might occur to the plug 
while removing this first .section may make 
it difficult or impossible lo replace It in the 
comeci position later, when the time comes 
to make the nest section. And you do want 
the first piece in place when making the sec- 
ond. to ensure correct registration of the two 
mold sections and their mating flanges. 
Leaving the edges of the first piece — the 
flanges — wider Chan their finished size per- 
mits tidying up minor damage that might 
occur where the lamination of the flanges of 
the second piece overlap and adhem. 

Removal 

There is an almost irresi.stiblc temptation 
to rush the removal of the mold from the 
plug, to relieve the anxiety about the state of 
the gel coat and lo enjoy the satisfaction of 
ju.st quietly sitting and admiring a well done 
piece of work. Resist it. though, even if there 
are to be no additional sections and the mold 
is now complete. The mold should be left on 
the plug for as long as practical, but certain- 
ly a couple of days at least. This is called 
resting the mold; what you're really waiting 
for is for the cure to progress further down 
the line toward full hardness before subject- 
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crale” pattern. For something like an auto- 
mobile body part or a boat — which may be 
anywhere from 5 to 50 feet lung, this 
method may require anywhere from a hand- 
ful ItJ several dozen such templates. The 
spaces between these templates then need to 
be filled in. 

PLASTER PLUGS 

The classical (i,e. old-fashioned) way is to 
staple chicken wire across the gaps, some- 
what below the eventual surface, then to 
weave strips of plaster-soaked burlap 
through the chicken wine. Next, more plaster 
is mixed up and ta>welted imo place and 
aiughly graded to contour w-ith a long (lexi- 
blc spline (an aluminum yardstick, for 
example), using the station templates as a 
guide. The problem of pitxiucing a decent 
surface remains. 

Surfma Finishing 

There is one classic publication on the 
subject or mold making which glibly passes 
oft’ the entire operation of surfacing a tradi- 
tional plaster plug by advising the craftsman 
to "finish in the usual way." This must have 
been meant as a joke, as the surfacing of a 
plaster plug is an absolute swine of an oper- 
ation, which takes far longer than the build- 
ing of the armature, the template cutting, 
and the tough plastering and splining opera- 
tions all pul together. Compared with the 
flawless surfaces we arc accustomed to in 
modem products, Michaelangelo himself 
could not produce a plaster surface which 
would pass muster. 

Common Problems 

One of ihc basic problems with plaster 
seems to be variations in the hardness and 
texture of the surface, made worse by any 
attempt to improve the surface in localized 
areas w ith extra applications of fresh plaster. 
To get truly smtwlh surfaces, free of waves 
and ripples, all of the surface must be of 



equal hardness, Ultimately* this uniform sur- 
face can be achieved with lots and lots of 
black paint. In the meantime* getting from 
an obviously rough and inadequate plaster 
surface to one that seems to be worth a first 
coat of paint (gloss black, so yttu can see the 
surface irregularities from reflections) will 
drive you to tears. 

All in all, you may wonder why anyone 
w'ould even bother with pla,stcr. Actually, it 
has considerable utility for specific applica- 
tions. If the end pixxluct detes not demand a 
first-raie surface, and especially if it is very 
large, the low^ cost of plaster and the rela- 
tively little W'ork it takes to get a mecliorte 
surface may justify the use of plaster. It is 
also very w'ell suited to transfer molding — 
see Chapter 10. On the whole, though, it is a 
pain. 

Body Filler 

To provide a more manageable surface to 
work with, the plaster may he made deliber- 
ately undersize, and then a decent slathering 
of body filler troweled all over ihe surface. 
The polyester-based filler is much more 
pleasant stuff to woik withr it shreds cleanly 
and quickly with a checse-grater when it 
reaches a green cure, and can be further 
worked with a brxly file before it’s fully 
hard; it sands more quickly, more uniformly 
and with much less dust than plaster: and 
local patches and iniproveinems con be 
mixed up, applied and cured in minutes, ver- 
sus hours or days for plaster. But if we're 
making the surface out of polyester filler, 
why bother with plaster at all? 

STYROFOAMF*^ 

Nearly everyone is familiar with 
Styrofoam^^^ — the rigid polystyrene foam 
used as insulation in house-building. It 
comes in the fomi of boards from one half to 
tour inches thick, and its low cost and light 
weight, plus the ease with which it can be 
shaped* make it a natural replacement for the 
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sinon from one section to the next. The best 
tool for this part of the job is an item known 
to body shop workers as a cheese-graier and 
is sold by the Stanley Tool Co, under the 
trade name "Surform.” Using the cheaper, 
lighter white foam, there's not much that can 
be done to improve the surface beyond this 
cheese-grater step; with high-density (blue) 
Styrofoam a surprising improvement can he 
accomplished with an ordinary mill file. 
Nevertheless, the problem of achieving a 
really first-class, hard surface fini.sh 
remains. 

Using Filler w/Yoam 

Ordinary automotive body filler cannot he 
used directly over styrene foam— the 
styrene conieni in the polyester-based filler 
attacks the foam, which promptly turns into 
a sticky, spongy mess. What U needed is 
either a surfacing material which does not 
attack the foam, or else a barrier of some 
kind between the foam and the polyester 
filler. Epoxy fills the bill on both counts, 
although it is expensive, and controlling 
costs by applying a ihin shell over the soft 
foam blank is not a gotxl idea, as the shell 
may xcry w^ell crack and break up under 
handling. But a thick epoxy shell is e%en 




To tlio foam from attack by tlie polyeotor 

reatn In body dtlor, tt b aprayed wltb exterior latex 
iTOine paint. The surfece can now have body filler 
applied. 



more expensive. Also, although special 
epoxy mold making materials are available, 
they generally do not work as easily as ordi- 
nary^ automoti\e type polyester filler. 

House Paint — So. that leaves the idea of a 
barrier between the foant and a suriace of 
polyester filler Somew'hai surprisingly, 
there is a material which is cheap, generdlly 
available, and effective for this purpose. The 
secret is ordtnaiy exterior latex house paint! 
It must say "alkyd" somew'here on the 
label—inierior latex paint is unsuitable. And 
the paint must be sprayed — brushing leaves 
a glossy surface w^hich interferes with adhe- 
sion of the body fillen Since most alkyd 
latex paint is intended for brushing, it is a bit 
thick for spraying, so thinning with a linle 
water may be necessary. While it may be 
possible to gel away with few-cr exxUs, three 
sprayed coats of alkyd latex, with ample 
drying lime between coats, will ensure an 
adequate barrier. Once the last coal is fully 
diy', polyester- based filler can he safely 
applied right onto the painted foam surface. 
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Final Finishing 

However you arrive al it* you should now^ 
have a fairiy umfonnly thick layer of poly- 
ester body filler over the painted foam. Now 
all you have to do is turn all of that "fairly 
uniform*' stuff into absolute perfection 
("Finish-in-the-usual-way*'* indeed!) You 
are going to need a lot of #120 grit sandpa- 
per, a power sandcr, a fresh set of dust filters 
for your mask* a huge shop vacuum* and a 
fridge full of cold drinks— to cut the dust* 
you know. You are about to stan on a dismal* 



heart-breaking round of sanding and paint- 
ing and sanding and painting and on and on 
until either you’ve got the most perfect sur- 
face the world has ever seen, or you can't 
stand it any more and call it quits some- 
where short of perfect. Cheer up* it could be 
worse: you could be starting the same job 
with plaster! 

O.K.* mask on? Fan running flat out? 
Sandpaper tight on the sander? So* get to it. 
Don’t try to erase local humps by growling 
aw^ay continuously at one spot — you will 
overheat the filler* causing it to soften and 
gum up the paper; use long* sweeping 
strokes. At first you will only be able to level 
out the most obvious unevenness; you just 
can’t judge the surface by eye. as it is too 
maiie and dull for vision to be of much help. 
You can feel a surface like this more easily 
than you can sec it — just lightly draw your 
palms and fingertips across the surface* and 
a whole new w'orld of dips and bumps and 
wobbles becomes known to you through 
your sense of touch. After hours of sanding 
and feeling and sanding and feeling, you 
w'ill get to the pt>int where it doesn't seem to 
be getting any better. Stop. Now' paint the 
thing black. 

Plug Painting 

To be more exact, first sweep the fltx>r* 
then vacuum everything in sight. Using a 
small amount of acetone and a paint brush, 
lightly scrub the surface with acetone. Don’t 
allow' the acetone to pool or even sit on the 
surface too long — mop off any residue at 
once with paper luw^eL Now; set up to paint 
(air-lines drained of water? lacquer-based 
primer thinned according to suppliers 
instructions? paint thoroughly strained?) 
and lay on several coats of primer Tlie first 
couple of coals will soak right into the filler 
surface. After you gel this stage over* apply 
at least two more full coats. Once the primer 
is dry; lake an ordinary' hnmn paper bag* 
crumple it up* and scrub over the w hole sur- 
face* This is a quick and effective alternative 
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E verything will break if you puH on it 
hard enough. If you make a pact big- 
ger, you will have to pull proportion- 
ally harder to break it, so the strength of the 
pan has increased, but w'hen we talk about 
the strength of the material the part is made 
from, rather than the part itself, W'e have to 
take account of the fact that there is mure 
material in the larger part. Thai's why the 
strength of materials is expressed in pounds 
per square inch — the number of pounds tells 
us how much force we are applying, the 
number of square inches tells us how much 
stuff wc are applying the force to. To pennit 
comparisons between one material and 
another, it is customary to talk about the 
force it takes to break one square inch of the 
material. 



Tensile Strength 

Take, for example, a slal- shaped piece of 
material say one-half inch thick and two 
inches wide — ^likc a fence picket. If we pull 
lengthwise on this, the force will be passing 
through one square inch of material (one 
half i nch times two inches), all the way from 
one end to the other. If it takes a force of 
10.000 pounds to break the slat by pulling 
on it in this w^ay, then it is said to have a ten- 
siie sftvffgrh (strength measured when in 
tension) of 1 OdXXl pounds per square inch — 
10.(X)0 psi. (One thousand psi is often abbre- 
viated ksi, so our fence board material 
would have a tensile strength of 10 ksi.) 

Note that this is a property of the material 
not the fence biKird, If wc cut another board 
twice as thick, the same 10,000 pound force 
w-ould be acting on twice as much material, 
so the material would only be working half 
as hard: it would take twice as much force^ — 
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20.WX) pounds — to break the hoard. But 
since that force would be acting on two 
square inches, rather than one. the figure for 
the tensile strength of the material would 
remain unchanged; 20.000 pound.s divided 
by two .square inches is exactly the same a.s 
10, (XK) pounds divided by one square 
inch — 10,000 psi, or 10 ksi. 

Tensile Stress 

If wc apply a smaller force lo ihe tK>ard, 
say half the amount needed to break it, the 
material will still he "working/' but only 
half as hard — the forue acting on each 
square inch will be reduced by half, to 5 ksi. 
This relationship between the force applied 
and the area it is acting on is called srms\ 
wc would say that the tensile stress on the 
material was 5 ksi. Note that stress and 
strength use the same units; the tensile 
strength is simply a statement of the tensile 
stress it lakes to break the stuff* 

Compressive Strength 

So far, so gtHxI. Bui if we push on the 
bt>ard, rather than pull on it, something awk- 
ward happens — it buckles sideways, so 
we’re no longer able to push on it straight 
lengthwise. Depending on how' long the 
board is and what kind of material it is made 
from, w^e might be able to spring it into a "C" 
shape by pushing on the end: we might even 
be able to force the "C” to close to fonn an 
■*0/’ and we still might not break the board. 

Well return to this important issue of 
buckling later, but for now lei's suppose we 
cut a short piece off the board and try the 
same imaginary' tests again. When w'e pull 
on it, W'e get the same result as before — it 
takes a stress level of 10 ksi to break it. 
When W'e push on it, though, it is less prone 
to buckle because it is shorter, so w^e can 
imagine that if the piece we cut olT is short 
enough, wc could push on it until it actually 
breaks. This push is called a comfmssion 
Uiad, and we w'outd express the stress in the 
material the same way as for tension — the 
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size of the push, in pounds, divided by the 
area the push is acting on. in square inches. 
The compressive strength — the stress need- 
ed to break the material in compression — 
may be similar to the leasile strength, or it 
may not, depending on the material. For 
most metals and composite materials, the 
tensile and compressive strengths are simi- 
lar. Some materials, though, show' much bet- 
ter results when loaded one way compared 
to the other Cast iron and concrete, for 
example, are much stronger in compression 
than in tension: wood, magnesium, and 
aramid laminates have the opposite charac- 
teristic. 

Ductility vs. Brittleness 

When we crush our short piece of board 
by exceeding its connpressive strength, wc 
would expect it to .splinter and break, and .so 
it would if it were made of wtxxl. Concrete. 
gla.ss fiber and carbon fiber laminates, cast 
iron, and many other brittle materials would 
do the same. If the material were a Kevlar or 
Spectra fiber laminate, however, or mild 
steel or aluminum, and if the test piece were 



Tfie ten«L1e »tfen£th-to- 
wtighl ratio and atrongth-to- 
stlffneKa ratio of various 
flbera am compared here, 
tc^ether with spruce wood 
and metals. The further to 
the rfght b material appears, 
the stlffer it is in relatiofi to 
its weight; the higher up the 
chart it appears, the 
stronger It is bi relation to 
its iwelght. Mote that all 
structural metals occupy the 
small triangular area at bot- 
tom left* 
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short enough in rdution lo Us thickness that 
it didn't huckic. it would likely squash like 
putty, rather than shatter Materials that flow 
under load like this are said to be tliu’iUe. 

And if we were lo repeal the tension test 
with chunks of the same variety of materi- 
als. we would discover that the east iron and 
concrete pieces, and ail tlic strong fiber lam- 
inates, would resist the stress right up to the 
bitter end. and then let go with a bang. With 
the mild steel, aluminum and magnesium 
samples, though, something very curious 
would happen as the stress started to 
approach the ultimate tensile strength. To 
explain it. vve have to step back for a 
moment. 

Strain 

For al! the material h, wc would discover 
that when w^c try to stretch it, w^e succeed — 
the lest piece grows kmger in proportion to 
how hard w'e pull. If we lelux the force, the 
piece springs back to its original length. 
Now; the amount of stretch we're talking 
ab()ut here is so small that with most solid 
materials, it is imperceptible. Still, the effect 
is real, and becomes visible in the case of 
materials like rubber This change of length 
in response to an applied stress is called 
strain: the w^ay most engineers would put it 
is that all materials respond to stress by 
slTtiining. For the kind of strong materials 
that we make structures out of, this strain 
never exceeds one or tw^o percent of the 
original length (and usually much less), 
before the tensile strength is exceeded and 
the piece breaks. For many materials, the 
strain is completely reversible up to that 
point — if we remove the load, the pan 
returns to its original length, so the exten- 
sion in response to the load is called clastic 
strain.,, which brings us back to the strange 
thing that happens when we pull on a struc- 
tural metal. 

Yielding 

In the case of steel or aluminum, and most 



other strong metals, the strain is perfectly 
elastic^ — the exienston is proportiona! to the 
stress,,, up to a point, But once the stress 
level exceeds some substantial fraction of 
the ultimate tensile strength (say two thirds), 
some of the stretch becomes permanem — 
the lest pan mil spring back, but not all the 
w'ay* In other words, at some critical stress 
level the materia! changes from an elastic 
solid to something that flows like a thick 
fluid. This phenomenon, called yieldinfi, i& 
w'hat makes it possible to tend and contort 
metals into shapes like coat hangers and 
lamp shades, and w'hy a dented fender stays 
denied. 

Streftgih — This ability to yield is 
one of the basic distinctions between metals 
and composites, and is seen as a ^aluable 
safety feature, tavoring metals. For exam- 
ple, if an aircraft suffers a severe overload in 
flight, say from a violent updraft of air, its 
w ing spar might be loaded so heavily that 
the stress exceeds the yield strength — the 
.stress level at w^hich it begins lo yield, but 
not the ultimate strength. At that point the 
wings would tend upward siimew^hat, and 
stay bent. While this is not a great thing lo 
have happen, it is still preferable to having 
the wings snap off. Likewise, a steel tube 
from wishbone on a race car may crumple in 
a wheel “banging duel on the track, leaving a 
crippled car lo limp around to the pits. A car- 
bon fiber suspension arm, though, would 
snap off, maybe leaving the driver with lire 
marks on his helmei...and we pmy nothing 
worse. This is one reason why designers 
wony' a loi about applying composites to 
critical structunii parts — there's no question 
they are strong enough, but look w^hat hap- 
pens when you overload them. We talk more 
about this in the next chapter. For now; 
though, note that the tensile yield strength of 
a composite is indistinguishable from 
its ultimate tensile strength — the load 
from w^hich it cannot recover to its original 
length is the same as the load required to 
break it. 
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Shaor 

When we pull lengthwise on a piece of 
muierial we are applying a (ensile stress to 
the molecular bonds that hold (he materia] 
together — we're try ing to tear (hem apan. 
When we stress the same part in compres- 
sion by pushing on iu we are trying to 
squash the molecules closer together. About 
the only other thing we can do to stress these 
bonds is to try to slide the molecules apart, 
sideways. This is called a shear force; it is 
the kind of loud that tries to rip the hall off a 
trailer hitch. Another way to express the 
same thing is to visualize (he direction the 
force acts, in relation to the long axis of the 
test piece. Tension and compression h^ds 
act along that line, though in opposite direc- 
tioas; shear loads act at right angles. 

Shear forees also arise when you attempt 
to skew a rectangular plate into a diamond 
shape by grabbing two opposite edges and 
shoving (hem in opposite directions. The 
same thing is going on in a thin panel in an 
aircraft or race car chassis under load — in 
stressed skin construction, the largest stress- 
es arc in shear, >Shcaring forces also crop up 
in beams; even though people talk mostly 
about die bending or flexural stresses in a 
beam, there are significant shear stresses, 
too. and these become a major consideration 
in composite structures, as di.scussed later 
and in Chapter 14. 

Fatigue 

The strength figures for various malerials 
quoted in engineering handhxiks and sup- 
pliers brochures refer to the stress levels a 
new sample of material will tolerate in one 
test. If we were to repeatedly subject the 
material to that same level of stress, it would 
soon fail This loss in strength with repeti- 
tive loading is called and the sever- 
ity of the effect depends on the material 
itself, cm how large the cyclic load is, and 
how frequently it is applied. It also depends 
on whether the load is removed completely 
part of the time, or cycles between a major 



and a minor stress. Paradoxically, all materi- 
als fatigue less if they are prevented fnmi 
relaxing completely between applicatUms of 
the peak* major load: likewise* all materials 
suffer worse when the cyclic load fully 
reverses — that is* if it varies from tension to 
compression and bttek. 

Fatigue Resistance 

While all materials fatigue, some resist it 
much better than others. And there are dif- 
ferences between materials in the way 
strength diminishes under yrrrf;i;iff loading — 
some lose strength fairly rapidly at first, then 
the effect tends to level out. In the case of 
steel, for example, there is an endurance 
limit — a stress corresponding to about half 
the static strength can be repeated virtually 
forever without failure. This characteristic is 
comparatively unusual, however, so to 
ensure a useful life for a sinictural part, it 
needs to be sized based on the strength 
remaining after whatever pattern and fre- 
quency of loading it is expected to experi- 
ence in use. When only a single figure Ls 
specified for the strength remaining after 
fatigue loading, rather than a chan or table 
showing the pattern of fatigue, 1().0(X).(XX) 
stress cycles is generally used as a bench- 
mark figure. 

An advantage of composite materials 
sometimes touted in prim is that they do not 
fatigue. This is simply not so, though it is 
true to say that the fatigue resistance of com- 
posites is generally superior to that of met- 
als. Unidirectional laminates using Kevlar 
retain about three quarters of (heir static 
strength after ten million cycles of loading in 
tension (chough they do less well when the 
loading reverses between compression and 
tension); similar carbon fiber laminates keep 
perhaps two thirds of their original strength; 
glass fiber composites are down to about 
half by that point. 

Stiffnass 

We said above that materials respond to 
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stress by straining — they "spring" very 
slightly in the dlrectinn of the toad and if 
that load lies within their normal working 
range, they will spring back. This relation- 
ship between stress and strain determines 
the stiffness of u material. A stiffer material 
deflects le.ss under a given load than one less 
stiff. Note that stiffness has nothing directly 
to do with strength. Nylon rope, for exam- 
ple. is strong, but lacks stiffness — it extends 
conspicuously under load: a ceramic balh- 
rtHtm tile, on the other hand, is stiff, but 
weak. The number that expresses the stiff- 
ness of a material is its modulus of elastki- 
ly. often shortened to just "modulus” (it is 
often signified by the capital letter "E" in 
tables.) 

It is quite common for a part to be stiffiwss 
critical — if made from enough of any com- 
mon structural material to have adequate 
strength, it may nevertheless deflect too far 
to be useful. This Is usually the factor that 
governs the design of airerafi control sur- 
faces and race car monLH:oque chassis. In 
other strueture,s, considerable dellections 
can be tolerated, but ultimate strength is 
paramount. This is the case with many air- 
craft primary structures — the parts that hold 
the wings on. but is seldom an issue in race 
cars, except around l<x‘ali/ed areas where 
loads are very lightly focused — at bolted 
connections, tor instance. 

Specific Strength 

We have already remarked on the obvi- 
ous — a part can be made stronger by making 
it bigger. TTic problem with this is that a 
larger part is also heavier. In situations 
where weight is important (and there are few 
places in race cars and aircraft where it is 
not), then what we are concerned about is 
the streuffih-to-wcif’lti ratio or specific 
strength of a candidate material. 

The quest for materials with a high specif- 
ic strength accounts for a large pun of the 
composites revolution. Even the humblest 
structural laminate — w'oven E-glass fabric 



in a inatrix of polyester resin, the sort of 
thing you could make in your backyard — 
matches all but the most exotic "high-tech" 
metals in specific strength, and comfortably 
beaLs any conventional metal that might be 
formed into a thin panel. A state-of-the-un 
composite — ^a unidirectional aramid/epoxy 
laminate, for instance — blows the doors off 
all ntcials in this respect. 

Specific Stiffness 

Bigger parts are not only stronger, they ate 
also stiffer, simply because there's mure 
stuff there to resist the load. Again, though, 
they ate heavier, so what we’re after are 
materials that are very' stiff in relation to 
their weight. This relationship, specific stiff- 
ness. is an area where composites vary 
widely, straddling the properties of metals. 
Woven E-glass fiber in polyester falls far 
short of metals in this regard: unidirectional 
S-2 glass in epoxy approximately matches 
them; a unidirectional animtd/epoxy pre- 
preg offers roughly twice the specific stiff- 
ness of aluminum or steel; and a unidirec- 
tional high modulus CP/epoxy pre-pteg is, 
incredibly, about nine rimes as stiff in rela- 
tionship to its weight as any common metal! 

Consistency of Material 
Properties 

When you make something out of PRP 
you are not just making a part, you are also 
making the material it is fabricated from. 
Unlike working with metals, where you pur- 
chase a raw material whose strength and 
stiffness can be predicted with a high degree 
of accuracy, the ntcchanical properties of 
reinforced plastics depend on the basic prop- 
erties of two raw materials— resin and rein- 
forcement — but also on the kind.s of pro- 
cessing methods used to work them into a 
finished product, and on the .skill and care of 
the individuals doing that work. 
Comparatively small differences in, say, 
resin-to-reinforcemeni ratio or workshop 
lemperature. can result in large variations in 
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ihc strength of a laminate. 

Even with the best of intentions and tech- 
nique. there will inevitably be a wider scat- 
ter of material characteristics from one com- 
posite part to the next, than with metals. In 
the aerospace industry, exquisite pains are 
taken to minimize this variability in perfor- 
mance. When composites arc used in struc- 
tural applications by aviation manufacturers, 
they tend mostly to be in the form of pre- 
pregs, as described in Chapter 8, partly 
because pre-pregs can be stronger and stiffer 
than wet lay-up fabrications, but also 
becau.se of the much more consistent results 
obtained. (To give some idea of the exer- 
tions dedicated to safety in the aviation 
industry, which depends on predictable 
material properties, the maker of the pre- 
ptegs will have been required to perform 
confirming tests on all incoming resins by 
means of liquid chromatography, infrared 
spectroscopy, and other equally araanc and 
expensive procedures!) 

STRUCTURES 

The relative merits and drawbacks to 
using FRP as a struciuml materia! h cinered 
in the next chapter. However, a brief 



overxiew is necessary here. A structure is a 
deliberate arrangement of material intended 
to resist external lotids, so the r^potise of a 
structure to loads depends partly on the 
maierial, and partly on how' that material is 
disposed. An ideal structure is one that uses 
the least amount of material to do the job. so 
the sUiicture will be as light as possible. For 
something like a rope, the strength and stiff- 
ness of the structure depends only on the 
material, but structural loads .seldom line up 
with structural parts so that die material is 
stressed straighl-on from end-to-end: most 
real world situations involve loads acting at 
right angles to the structure. 

For instance, most FRP moldings are in 
the form of thin sheets or panels. These pan- 
els often form parts of a tube-shaped struc- 
ture loaded in torsion — ^the loads try to twast 
the tube from end to end. This torsion in the 
tube as a w hole takes the fomi of shear loads 
in the surface that makes up the tube — any 
small section of the tube wall is being 
stressed as if two opposite edges were being 
forced in opposite directions, so as to make 
it diston from a rectangle to a diamond 
shape. Sometimes, too, these thin panels arc 
loaded sideways, such as by aercxiynamic 
forces, or ordinary handling* Either w'ay, a 
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ihin panel loaded in this way will likely 
buckle long befon: ihe material is stressed to 
anywhere near its breaking point. 

Bending 

When you impost; a load on a beam — say, 
by standing in the middle of a plank set 
across a pair of sawhorses — the beam (the 
plank) will bend. Even a very poor engineer 
could ca.sily calculate the bending force and 
the bending stress in the plank, if you told 
him its length, width and thickness, and how 
much you weigh. Yet from the point of view 
of the material that the plank is made (fom, 
there is no such thing as a bending force; all 
it knows is tension, compression and shear. 

Nevertheless, engineering handbooks and 
materials texts give figures for the "bend- 
ing" strengths of materials (sometimes 
called jh'ximii sitvn,^ihs). for good reasons. 
As remarked earlier, while some materials 
have ''syminetrtcar characteristics — their 
behavior is the same in both tension and 
compression, others do not. In a symmetri- 
cal concrete beam, for example, we need 
never w'orry about the face that is in com- 
pression, it is the tension side that is going to 
fail first, so the "bending" strength of the 
beam is limited by its teasile strength. A 
wood beam, on the other hand, is limited by 
the comparatively low' strength of the mate- 
rial on the compression side. So, to permit 
quick and easy calculation of the ability of a 
chunk of stuff to act as a beam, we invent the 
concept of a "bending stress." 

The stress in the material of a beam varies 
through its depth, changing smoothly from a 
maximum in tension right at the surface of 
the tension face, through zero at the middle 
of the beam, to a maximum in compression 
at Ihe opposite surface. The peak stress in 
the material occurs at the outside surfaces. 
Meanwhile, the material ut the center is 
essentially unloaded— it is Just along for the 
ride, which makes a simple rectangular 
beam extremely inefficient. A common solu- 
tion is to concenUBte most of the material at 



the .surfaces and remove as much of the rest 
a.s ptjssible, as in an "I" beam, which con- 
sists of two thick flanges that carry most of 
the load, separated by a thin web that does 
little more than hold the flanges in place, A 
hollow rectangular tube, though less efll- 
cicni than an 'T beam, is another approach 
to eliminating as much of the material from 
the center of the beam, while still leaving 
some material there to stabilize the com- 
pression face against local buckling. 

Though FRP is not often used to make the 
webs and flanges of an "I" beam, it is com- 
mon to form the materia] Into hollow rectan- 
gular box sections which are loaded as 
beams. In that case, the face that is in com- 
pression when the beam is loaded will be 
Just like any thin panel that is subject to 
bending forces — it will tend buckle, to "run 
away from the load." And w'e have already 
noted that shear forces, common in FRP 
structures, also cause thin panels to buckle 
long before the strength of the material 
becomes a consideration. In both eases, 
these buckling loads amount to forces acting 
across the thickness of the panel, in elTect 
stres.sing it as a beam. 

Now, the strength and stiffness of a beam 
depends on W'hat it is made out of. but also 
on the depth of the beam. Greater depth not 
only spreads the load over more material, it 
also gives the beam more leverage to resist 
the bending. When a thin panel is forced to 
be a beam by forces acting ai right angles to 
its faces, the depth of the beam is the thick- 
ness of the panel, and it can be shown that 
the resistance of the panel to buckling — 
whether from a compressive load applied to 
opposite edges or fn>m a shear load — 
depends on the basic stiffness of the materi- 
al and on the cube of the panel's thickness. A 
small increu.se in thickness therefore makes 
up for a sizable reduction in material stiff- 
ness. The low density of composites com- 
pared to metals puts them at on advantage 
here, a point we will return to in the next 
chapter. ■ 
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W ith a few exception!;, connpoK- 
iie pam are not made as thick 
chunks; they arc usually 
formed into panels that are veiy thin in rela- 
tion to their area. Because the materials 
themselves are strong, such a plate or sheet 
will firmly resist being pulled on. If we push 
on it. though, it will buckle at a fraction of 
the load it would take to break it in tension. 
I mentioned in the previous chapter that the 
load it takes to buckle a thin plate being 
pushed on edgewise depends on the cube of 
the thickness of the plate. That means that if 
you have a choice between two materials 
that have the same strength and stiffness in 
proportion to their density but one is less 
dense than the other, then the same weight 
of material will produce a thicker part when 
the lighter material is used. Even though 
their tensile strength and stiffness will be 
identical, that extra thicknes^s will greatly 



increase (he resistance to buckling of the 
piece made with the less dense materia], 
compared with the other. 

COMPARING FRP TO METAl 



I also noted in the previous chapler lhai 
composites often have a specific stiffness 
{siiffncss-to*wcighi ratio) that matches or 
exceeds that of metals. They are also gener- 
ally less dense than metals — cartxm- and 
glass-based laminates are about the SEinie 
density as magnesium: Aramid and Spectra 
fiber laminates are even lighter. What that 
means is that a pane) or plate made from 
such materials will be substantially thicker 
than a panel w'ith the same area and weight 
made of, say, aluminum^ and will gain in 
buckling resistance as a result. That is one 
reason why composites are so well suited for 
making weighl-efllcieni thin shelled stme- 
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lures. (Even in those cases where the specif- 
ic stiffness of ihe composite is inferior to 
meiais — common E-glass laminates, for 
example — if the minimum weight of the 
part is set by buckling resistance, then the 
greater thickness of the FRP part usually 
goes some way to olfsetting the deficiency 
in specific stiffness.) 

Specific Strength & 
Stiffness 

When we compare both the specific 
strength and the specific stiffness of com- 
posites with those of competitive metals, we 
find that the specific strengths of composites 
exceed those of metals to a greater extent 
than do their specific stiffnesses. It is fairly 
safe to say, then, that a properly made com- 
pxrsitc pan, using any high performance 
reinforcement, that is as stiff as the metal 
part it replaces will have a formidable 



advantage in strength. And we have suggest- 
ed that in most automotive applications stiff- 
ness is more critical than strength — though 
not more imperrtant. That does not mean, 
however, that we can design a safe, light- 
weight pan based purely on the published 
figure for the specific stiffness of a laminate 
similar to the one we intend to make, then 
setting the thickness based on the weight of 
a comparable metal part. This issue of the 
differences between metals and composites 
was touched on in the previous chapter, but 
there is more that needs to be said. 

How They Differ — First, composites are 
not rsofno/wc— unlike metals, they do not 
have the same strength and stiffness in a|] 
directions, Fabrics with a balanced weave — 
the same yam count per inch in both warp 
and fill — will have equal strengths mea- 
sured along the warp and along the fill, but 
they will be less strong when measured at 45 
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degrees. And unidirectional laminates, while 
enormously strong measured in the direction 
the nbers lie, have negligible strength 
"across the grain." In shon. the mechanical 
properties of composites ate directional. 

Design Problems — This can pose some 
agonizing design problems. On the one 
hand, arranging the laminate so most of the 
fibers aie aligned with the anticipated loads 
will lead to sensational performance; on the 
other hand, misjudging Just where the toads 
are coming from will create a disaster. Yet 
hedging the bet by providing fibers running 
in multiple directions may unacceptably 
increase the weight of the structure. 
Likewise, when it is know'n that the loads 
will come from many directions, a weight 
penalty will have to be accepted. This is not 
the ca.sc with metals. In iruih. if any of the 
advanced fibers are used, the performance is 
still likely to exceed a similar part made 



from, say, aluminum. However, a laminate 
using woven glass as reinforcement — per- 
haps the most common kind — will almost 
certainly be heavier than its aluminum coun- 
terpart if the two arc to have equal stiffness. 

Sh«ar 

Composites are also anisoiropic (not 
isotropic) in another direction. The shear 
strength and stiffness of composites varies 
hugely, not just between one kind of fein- 
forcement and another, but also depending 
on whether the forces act across the fibers, 
or try to separate them from each other. 
Then there is imer-laminar .shear — forces 
that act to slide the layers of a laminate over 
each other. These forces arise in any multi* 
layered laminate that is being bent in the 
same way that the pages in this book slide 
past each other w'hcn you bend the book as 
a whole. Because there is usually little or no 
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fiber lying in a direction that would oppose 
this effect, the interlaminar shear strength 
depends almost entirely on the properties of 
the resin matrix. This problem is usually 
worst for very thin laminates made from 
very fine weave cloth. (Note, though, the 
use of a layer of mat or chop to help key lay- 
ers together, as mentioned in Chapter 2.) 

Stress Concentrations 

Another major consideration when con- 
templating the use of composites for jobs 
traditionally done by metals is the business 
of .Stress concenin»km.s. The ability of met- 
als to yield provides them with an ability to 
deal with local overloads — the overstressed 
material can warp somewhat, relieving the 
load on itself by throwing part of the load 
onto adjacent material. If two sheets, for 
example, are joined together by a row of riv- 
ets, and a load arises that acLs along that row, 
the usual textbook assumption is that almost 
all the load is carried through the two indi- 



vidual rivets at each end of the row. The 
maximum load the entire joint cun carry, 
then, is the one that will shear off those end 
rivets, or rip one or the other of the sheeLs 
right at the rivet hole, This is quite true when 
the materials are perfectly elastic, but when 
the material can yield, then either the over- 
loaded rivets or their holes will distort, until 
some of the other riveted joints take up a 
larger share of the load. 

Note that some of this deformation is per- 
manent. This means that the next lime the 
saiiK sized load gets carried aerms that 
same row of rivets, the critical one.s are less 
highly stressed. This will also have another 
effect over time, as the reduced peak and 
average toad.s at these yielded areas will 
improve the fatigue life of the whole joint. 
In a sense, the structure has adaptively re- 
designed itself. 

This example of a rivet hole is a useful 
one, for another rea.son. The stFc.sses around 
the edges of the holes in a bolted or ri veted 
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joim are not only higher than in the sur- 
rounding material* they are also directional- 
ly complex— even though the force may be 
a simple pull from end-tO'cnd, some of the 
stress at the edge of the hole will act at var- 
ious angles to that straight pull The amount 
of additional material that needs to be added 
around the bolt hole to deal w^ith this stress 
concentration depends on the particular 
material being used. A cartxm fiber lami- 
nate* for example, requires twice as many 
fibers running at plus and minus 45 degrees 
as in the direction of the load: aramid fiber 
requires only half as much as that. 

Point Fastenings — Rivets, bolts, 
screw's — all create stress concentrations in 
all materials* and that means more material, 
and thus more weight* is needed than if the 
object were made in one piece. Connections, 
then, reduce the efficiency of all structures, 
hut the inability of most compi>siies to yield 
makes the situation worse. (Aramid's com- 
paratively good showing on this score can 
be attributed to the fact that it and Spectra 
fiber do behave in a ductile way when over- 
loaded, though only in compression.) 

One of the advantages of composites is the 
ability to produce very large, complex 
shapes in one piece that could only be repro- 
duced in metal by joining together multiple 
separate sections. Actually, any attempt to 
mimic fabricated metal construction using 
composites is likely to result tn an even 
more inefficient structure. One reason cited 
for the commereial failure of the Learfan 
aircraft was the decision to make the air- 
frame from composites, but to make it in 
discrete panels, secured lo separate frames 
(also of composite construction) by means 
of pt>ini fa.steners. The result w'as a structure 
that could arguably have been executed in 
metal at a comparable weight — and far 
low'cr cost* Still there are places where sec- 
tions of a structure need to be detached — 
perhaps lo allow for sen icing or repairing of 
whatever they cloak, or to simplify the prob- 
lem of replacing damaged sections — and so 



How FRP Coifi|iosites Carry Loads 

Many people belie vc that the strength ot a l-Rf laminate is necessarily 
reduced wheiie\cr any of the fibei^ in if are broken, Tliis is deriniiely not so. 
It is equally urilrae that a liber has lo extend fnm one end oi a k>ad carn'- 
ing part lo the other, in order \o contribute to the strength ol' the lamittmc. 

First* realize that a fiber, by definition, is s<.>mething dial is many lin>es 
longer than its diameter. Ntm; in a properly consiruLted laminate, all of the 
surluce of each fiber is finnly attached to the resin that sumninds it, iind the 
area of that eontaet is many times greater ihiin the emss sectional area of the 
fiber. Now. imagine a small zone within the laminate where two fibers. "A" 
and ''B," lay side-by-side* fairly dose to each other, but only partly over- 
lapped in length, ho one is closer to one end of tlie luminaie, overall and the 
other closer to the opposite end. 

If we anchor me end of the laminate and pull on the other end, there w ill 
be a lendeiicy for the two fibers to slide past each oiher. Bich, htnvever* is 
stuck to the surrounding resin, so the interface between lilvr and resin is 
stressed in shcar-ihc fiber is tij ing to slide through the resin: likewise* the 
resin between the two fibers is also stressed in shear. Thus, each fiber piiss- 
cs the load into tlie resin, and die resin "hands off ihc ItKid to the next adja- 
cent fiber. Provided each fiber is long enough in relation to its diameter* Tlien 
even though the shear sirengih of the resin is a mere fraction of the tensile 
strength of the fiber, there will be so much nuire resin cany ing the shear kxad 
than there is fiber carrying die tension load that the fiber M the bond 
between tlic fiber and ihe resim will break before the plastic dtvs. 

There is some minimum Icngih of fiber for which this will lie true, and 
that is why a laminate made with* say, short chopped strand rein lore cnienl 
vviit not be as strong as one using longer fibers. On the other hand, if the 
minimum lengdi criterion is met, longer fibers w ill not make ihe Innimue 
any stronger. Hquallv; any more resin than is needed to pass the toad frtmi 
one fiber lo the next does nothing to increase ihe strength of the lamiiuiie 
and just adds weight. 

Another w ay ltK>k al it is on the basis of the tensile stresses. In the pre- 
vious chapter, we saw that any material which is pulled on lengthwise will 
stretch somewbat, tir strain, and that the aim^ufit of this strain depends on 
just two ihings-the stress Ohe load per unit of cross section areal and the 
elastic modulus of the material So, if we know the stress, we can easily cal- 
culate llie Hirain* or vice versa. Now, when a ct>mposiie is stressed, all of it 
grows longer-lhe fibers and die resin ha\e equal strains. Tlie fiber, tu)vve\ - 
er, is many times stiffer than the resin, so assuming that half the volume of 
die composite is fiber and half is resin (a representative figure I* then the 
stresses in the two will be in the same ratio as their elastic moduli-akiui 
25: 1 ! Clciirly. the matrix is lightly stressed, even when the fibcfs are carry - 
ing li ^ cry laige load* and since the area of contact between the fiber and the 
plastic exiend-s over the v\hole surface of the liber, tlie matrix htis no prob- 
lem transmitting the load from one fiber to another. 
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"^There is 
also the issue 
of quality 
control. It is 
worth repeat- 
ing that the 
composite 
manufactur- 
er is not just 
making a 
structure hut 
is also mak- 
ing the mate- 
rial from 
which it is 
fabricated. ” 



point fasteners arc required, and more atten- 
tion needs to be given to the material imme- 
diately surrounding the hole when that mate- 
rial is a composite as opposed to metal. 

Sandwich Structures 

Although covered in much more detail in 
the next chapter, .something should be said 
about sandwich structures. These present 
particular problems around bolted connec- 
tions, and anyplace else where loads are 
highly localized. One technique for dealing 
with this is to remove the core in the area 
surrounding the attachment, and bring the 
two skins together, locally reinforced with 
additional layers of laminate. It is common 
for at least some of this extra material to be 
a thin sheet of aluminum, to take advantage 
of its isotropic, ductile nature. 

Surface Bonding — Provided the suri'ace 
is properly prepared, aluminum will bond 
securely to an epoxy laminate. One surface 
treatment that works is lo dissolve a small 
amount of epoxy resin in a solvent like ace- 
tone, then lo thoroughly scour the aluminum 
with Scotchbrite^^ while keeping it 
immersed. The scouring removes the layer 
of oxide on the surface of the aluminum; the 
residual trace of epoxy prevents the oxide 
from re-fomiing, and provides a chemical 
link between the metal and the epoxy 
resin/adhesive u.scd to adhere it to the com- 
posite. 

Resin Filling 

An alternative method, used more often 
with foam or balsa cores than with honey- 
comb. is to rciut out some of the core mater- 
ial below and around the hole in the skin, 
leaving a cylindrical void. A filled epoxy 
resin is then squeezed into this hole. For 
some light duty fastenings, a bolt or other 
fastener can be embedded in this resin — a 
process called potting. Alternatively, and 
especially where the loads are substantial, 
this plug of filled resin cun be drilled to fin- 
ished hole size, and a bolt passed right 



through. The hole routing can be done with 
a nail or screw, with its head bent over, 
chucked into a pow'er drill. 

Other ConsidurotioAS 

Composites require thinking differently in 
other ways, too. For one thing, their service 
temperatures arc much tower than tho.se of 
metals. (There are exotic resin systems used 
in military and aerospace applications that 
will tolerate very high temperatures — as 
much as 500 or 600 F, it is rumored. Apart 
from their very limited availability and their 
cost, most of these resins produce by-prod- 
ucLs as they cure and so require processing 
at high pressures.) 

Quality Control — There is also the issue 
of quality control. It is worth repeating that 
the composite manufacturer is not Just mak- 
ing a structure but is also making the mater- 
ial from which it is fabricated. Not only is 
the next part you make likely to differ in 
strength from the last one, both of them may 
be far from the "book" figures for the 
strength of a laminate using exactly the 
same combination of reinforcement and 
resin. In aviation and aerospace work, a high 
level of consistency is ensured by eliminat- 
ing hand work wherever possible, such as by 
using pre-pregs instead of band lay-ups, and 
by constant testing of both incoming materi- 
als and finished parts. Without these tests, 
any assumptions about material properties 
are essentially guesswork. There are test 
labs all over the continent that will provide 
hard numbers about the strength of the parts 
you make, usually ba.sed on coupons cut 
from a part of the laminate that would be 
trimmed off anyway. If someone's life may 
depend on the strength of the parts you 
make, it would be irresponsible nut to take 
advantage of these facilities. The tests are 
not outrageously expensive, and even if the 
absolute numbers arc not of particular inter- 
est, the scatter in test results between a num- 
ber of supposedly identical pans will prove 
educational. ■ 
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FRP SANDWICH CONSTRUCTION 



styrene founi is easily shaped using a hot 
wire (see Chapter 5), but dissolves in poly- 
ester or vinylesier resin. 

Balsa 

One of the most successtii] aircraft of 
World War II — the Mosquito bomber — 
employed sandwich construction through- 
out. The sandwich in this case was formed 
of thin birch plywood skins spaced apart by 
a balsa wtxxl core. Immediately after the 
war, sandwich construction was adopted by 
the dawning fiberglass boat-building indus- 
try, as a means of dealing with the low stiff- 
ness of single skin construction in GFRP; 
balsa was usually selected as the core mate- 
rial, no doubt partly because of the shortage 
of alternative materials. 

As in the Mosquito, the balsa was applied 
with the grain running perpendicular to the 
facings. (It still is, since hulsa, like all 
wood.s, is much stronger along the grain 
than across it) Becau.se even laige balsa 
trees are only a few square feet in cross sec- 
tion area, end-grain balsa is supplied in the 
form of small square "tiles." To simplily 
covering a large area, these tiles are avail- 
able in sheets with the individual blocks 
spaced slightly apart (to allow the sheet to be 
curved) and glued to a light, open weave 
fabric called scrim. Balsa sold for use in 
sandwich construction is available in densi- 
ties from five to sixteen pounds per cubic 
foot, and is kiln dried and treated with a 
fungicide. 

Structural Properties — Compared to 
other potential cone materials of equal densi- 
ty, balsa has excellent compressive strength 
and stiffness, but inferior shear strength. Its 
service temperature limit, while greater than 
most foams, is restricted to the boiling point 
of water (212F), which makes it compatible 
with some but not all ETC resin systems. 
Balsa i.s unaffected by polyester and 
vinylesier resins. 

Uses — Although it has been replaced in 
many applications by honeycomb (.see 
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below), end-grain balsa is still used in the 
sandwich fltKir panels of many commercial 
aircrufl. and offers many advantages to the 
do-it-yourself sandwich builder, including 
nutdesi cost wide availability, and ease of 
working. 

Foams 

Any material that caa exist both as a liquid 
and as a solid can be foamed. The trick is to 
introduce bubbles of air or some other gas 
into the liquid, then airange for it to solidify. 
You make a foamed thermosei of a sort 
when you do an inadequate job of getting all 
the air bubbles out of a laminate, The kinds 
of foams used in sandwich construction, 
though, arc usually ihennapkmkw — they 
soften when heated, and melt to a liquid if 
they get hot enough. Thafs how' they get the 
bubbles in, but it also sets an upper limit to 
the temperature that a foam cored sandwich 
can be expew^ed to. The strength and stilTncss 
of foams^ panic ularly in shear* arc propor- 
tional to their densities— a foam of* say, one 
quaner the density of the parent material in 
solid form will have roughly one quarter of 
its shear strength and stiffness. 

Oifier foams available in the form of 
boards and used for sandvvich cores are 
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to introduce 
bubbles o f air 
or some other 
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F or many years, race cars of all types have been constructed 
with lightweight materials in addition to aluminum and steel. 
These include fiberglass, Kevlar* atid reinforced plastics. The 
application uf this spucc-uge technology is also becoming 
more widely used on street cars as stronger materials are 
developed, costs become lower and techniques arc simplified. The 
Corvette has always been built of fiberglass, and ears sucli as the 
Chevy Lumina and 1994 and up Mustangs also use reinforced 
plastic materials in certain body panels. But the most common 
automotive application is racing, and the equipment and technology 
today now make it possible for many racers to repair, and even 
constfucl. their ow'n lightweight body panels using these materials. 
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